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Emulsion Stabilization with Janus Particles
Abstract
Emulsions are dispersions of droplets of one fluid within a second, immiscible fluid and have a wide range
of applications from foodstuffs to pharmaceuticals to personal care products and agrochemicals.
Emulsions are intrinsically unstable because of large interfacial area associated with the system. To
obtain stable emulsions, the interfaces between immiscible fluids must be stabilized by emulsifying
agents such as surfactants and colloidal particles. Surfactants refer to surface-active agents which prefer
to segregate to interfaces between two immiscible fluids. Their surface activity originates from their
amphiphilic structure. Colloidal particles can stabilize emulsions due to their tendency to attach strongly
to the interface. It has been demonstrated that particles with amphiphilic structure (also known as Janus
particles) can be synthesized. An important potential application of Janus particles comes from the fact
that they could make unique solid surfactants, however, several questions needs to be answered: (1) It
has been recognized for more than 100 years that surfactant molecules and homogeneous particles can
attach to interfaces and stabilize emulsions. How would Janus particles be different from and, more
importantly, advantageous over molecular surfactants and homogeneous particles in emulsion
stabilization? (2) How does the structure or geometry of Janus particles influence their properties as
solid surfactants? To answer these questions, thermodynamics of emulsion stabilization using
amphiphilic Janus particles is investigated showing that they can indeed generate thermodynamically
stable emulsion whereas emulsions stabilized by surfactant molecules and homogeneous particles are
only kinetically stable. In addition, a new synthesis method is developed enabling the bulk synthesis of
highly uniform pH-responsive Janus particles that are able to completely reverse their surfactant
properties in response to changes in the solution pH. These Janus particles can stabilize different types
of simple emulsions (oil-in-water and water-in-oil) at different pH and, more importantly, induce phase
inversion of emulsions in response to changes in solution pH. Furthermore, one-step formation of stable
multiple emulsions is demonstrated using these amphiphilic Janus. Multiple emulsions stabilized by
these stimuli-responsive Janus particles can be induced to release the encapsulant by simply increasing
the pH of the continuous phase. In conclusion, Janus particles represent promising systems as solid
surfactants for making stable and smart emulsions.
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ABSTRACT

EMULSION STABILIZATION WITH JANUS PARTICLES
Fuquan Tu
Daeyeon Lee

Emulsions are dispersions of droplets of one fluid within a second, immiscible fluid and
have a wide range of applications from foodstuffs to pharmaceuticals to personal care
products and agrochemicals. Emulsions are intrinsically unstable because of large
interfacial area associated with the system. To obtain stable emulsions, the interfaces
between immiscible fluids must be stabilized by emulsifying agents such as surfactants
and colloidal particles. Surfactants refer to surface-active agents which prefer to
segregate to interfaces between two immiscible fluids. Their surface activity originates
from their amphiphilic structure. Colloidal particles can stabilize emulsions due to their
tendency to attach strongly to the interface. It has been demonstrated that particles with
amphiphilic structure (also known as Janus particles) can be synthesized. An important
potential application of Janus particles comes from the fact that they could make unique
solid surfactants, however, several questions needs to be answered: (1) It has been
recognized for more than 100 years that surfactant molecules and homogeneous particles
can attach to interfaces and stabilize emulsions. How would Janus particles be different
from and, more importantly, advantageous over molecular surfactants and homogeneous
vi

particles in emulsion stabilization? (2) How does the structure or geometry of Janus
particles influence their properties as solid surfactants? To answer these questions,
thermodynamics of emulsion stabilization using amphiphilic Janus particles is
investigated showing that they can indeed generate thermodynamically stable emulsion
whereas emulsions stabilized by surfactant molecules and homogeneous particles are
only kinetically stable. In addition, a new synthesis method is developed enabling the
bulk synthesis of highly uniform pH-responsive Janus particles that are able to
completely reverse their surfactant properties in response to changes in the solution pH.
These Janus particles can stabilize different types of simple emulsions (oil-in-water and
water-in-oil) at different pH and, more importantly, induce phase inversion of emulsions
in response to changes in solution pH. Furthermore, one-step formation of stable multiple
emulsions is demonstrated using these amphiphilic Janus. Multiple emulsions stabilized
by these stimuli-responsive Janus particles can be induced to release the encapsulant by
simply increasing the pH of the continuous phase. In conclusion, Janus particles represent
promising systems as solid surfactants for making stable and smart emulsions.
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Chapter 1. Introduction
1.1 Backgroud
1.1.1 Emulsion
An emulsion is a stable dispersion of droplets of fluid within a second, immiscible fluid.
Emulsions are widely encountered in a huge variety of industries, e.g. agrochemical, food,
pharmaceutical, cosmetics, paint, printing and petroleum.1,2 Emulsions are classified into
three categories based upon the size of the dispersed droplets: (1) macroemulsion, opaque
emulsions with particles >400 nm (0.4 m), easily visible under a microscope; (2)
microemulsions, transparent dispersions with droplets <100 nm (0.1 m) in size; and (3)
nanoemulsions (miniemulsions), a type that is blue-white, with particle sizes between
those of the first two types (100-400 nm [0.1-0.4 m]). Multiple emulsions3, in which the
dispersed droplets are themselves emulsions, have also been subject of considerable
investigation.4
Macroemulsions are the most well-known emulsions of the three types4, which is the only
consideration in this thesis (“emulsion” will be used instead of “macroemulsion” later in
this thesis for simplicity). There are two types of simple emulsions based on the nature of
the dispersed phase: oil-in-water (O/W) and water-in-oil (W/O). In the case of O/W type,
oil phase is the dispersed phase while water phase is the continuous phase. Emulsions are
obtained by shearing two immiscible fluids, leading to the fragmentation of one phase
1

into the other, in the presence of a third component called the emulsifying agent, which
can be either surface-active agents such as surfactant molecules and polymer surfactants
or finely divided solids, e.g. homogeneous colloidal particles. The function of
emulsifying agents is to stabilize emulsion for a sufficient time by adsorption or
attachment to the fluid-fluid interfaces.

1.1.1.1 Surfactant
Surfactants are surface-active agents and include small surfactant molecules, e.g. sodium
dodecyl sulfate (SDS) as well as polymeric surfactants such as polyvinyl alcohol (PVA).
Their surface activity comes from the fact that they possess both hydrophilic and
lipophilic properties, leading to the preferential adsorption to interfaces between two
immiscible fluids. The surface activity of surfactants and their ability to stabilize
emulsions strongly depend on their molecular structure and the degree of
hydrophilicity/lipophilicity as often represented by hydrophile-lipophile balance (HLB)
number.5 For example, surfactants with HLB number >10 usually stabilize O/W
emulsions while those with HLB number <10 stabilize W/O emulsions.
Emulsions stabilized by surfactants, in general, are thermodynamically unstable. The
thermodynamics of emulsion stabilization can be considered by calculating the free
energy change during emulsion formation which consists of an interfacial free energy
term (GI) and a configuration entropy term (─TSconfig).6
2

Gem  GI  T Sconfig

(1-1)

The interfacial free energy term is equal to the increase in contact area between the oil
and aqueous phases (A) multiplied by the interfacial tension () at the oil-water interface:

GI  A

(1-2)

In most cases, especially macroemulsions considered here, A˃˃─TSconfig, which
means that Gem is positive – that is, the formation of emulsions is nonspontaneous and
the system is thermodynamically unstable.2 Surfactants at fluid-fluid interfaces performs
two functions: (1) it reduces the interfacial tension between the two fluids and
consequently the thermodynamic instability of the system resulting from the increase in
the interfacial area between the two phases. (2) It decreases the rate of coalescence of the
dispersed droplets by forming mechanical, steric, and/or electrical barriers around them.4
That is, emulsions are kinetically stabilized by surfactants.

1.1.1.2 Homogenous Particle
It has been known for more than 100 years that homogeneous particles even without
amphiphilicity can stabilize emulsions. Ramsden was the first to report emulsion droplets
stabilized by particles in 1903.7 Interestingly, particle-stabilized emulsions are named
after Pickering as “Pickering emulsion” for his first systematic study on particlestabilized emulsions.8
3

Homogeneous particles with moderate wettability can strongly attach to fluid-fluid
interfaces. Consider a spherical particle of radius r as shown in Figure 1.1 which is
initially in one phase and is subsequently adsorbed to the fluid interface. The adsorption
of the particle at the interface results in a reduction in the area of the fluid interface
whose magnitude depends on the wettability of the particles characterized by three-phase
contact angle θ (measured through the aqueous phase). The energy of attachment of a
particle to a fluid–fluid interface is related not only to the contact angle but also to the
tension of the interface γ. Assuming the particle is small enough (typically less than a few
microns in diameter) so that the effect of gravity is negligible, the energy Gde required to
remove the particle from the interface is given by

Gde   r 2 1  cos 

2

(1-3)

in which the sign inside the bracket is negative for removal into the aqueous phase, and
positive for removal into the air or oil phase.9 For a particle with neutral wetting (θ=90)
with a radius of r=10 nm and the interfacial tension of =0.036 Nm-1, the detachment
energy is 2750 kT which is orders of magnitude higher than thermal fluctuation (~kT)
meaning that the adsorption of a particle to fluid interface is essentially irreversible.10
This effectively irreversible adsorption leads to extreme stability for certain emulsions
and is in contrast to the behavior of surfactant molecules which are usually in rapid
dynamic equilibrium between the oil–water interface and the bulk phases.10 However,
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when the wettability of particles is too hydrophilic (0≤θ≤20) or too hydrophobic
(160≤θ≤180), the detachment energy (Gde) falls rapidly to less than 10 kT.
The wettability of the particles not only affects the detachment energy but also
determines the type of emulsion they can stabilize. The work of Finkle et al.11 first
recognized the relationship between the type of particles and emulsion type (o/w or w/o).
They stated that in an emulsion containing solid particles, one of the liquids would
probably wet the solid more than the other liquid, with the more poorly wetting liquid
becoming the dispersed phase. That is, particles with contact angle θ<90°stabilize O/W
emulsion while those with θ>90° stabilize W/O emulsion. These ideas are strongly
supported by many following studies.10,12,13

Figure 1.1 (upper) Position of a small spherical particle at a planar oil–water interface for
a contact angle (measured through the aqueous phase) less than 90°(left), equal to 90°
(centre) and greater than 90° (right). (lower) Corresponding probable positioning of
particles at a curved interface. For θ<90°, solid-stabilised o/w emulsions may form (left).
For θ>90°, solid-stabilised w/o emulsions may form (right). Figure reproduced from
reference 10.
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The significant difference in adsorption/desorption dynamics of homogeneous particles,
however, does not alter the similar thermodynamic nature of Pickering emulsions from
emulsion stabilized by surfactants. The free energy change for Pickering emulsions
stabilized by homogeneous particles are given by

emG  nd  d G  nd  Aow ow  n p ( aG  T  a S )

(1-4)

where nd and np are respectively the number of drops in the emulsion and the number of
particles adsorbed onto a drop; the free energy of forming a particle-coated drop is
denoted ΔdG. In equation (1-4), Aow represents the surface area of a bare, notionally
swollen drop (interfacial tension γow) but with no particles adsorbed. ΔaG is the free
energy of adsorption of a particle to the drop surface excluding the entropy change, ΔaS,
due to de-mixing of particles from the phase in which they are initially dispersed. The
entropy of dispersion of the droplets in the continuous phase, which in the current context
is very small, is ignored.14 With moderate wettability, particles at droplet interfaces can
act as effective steric barriers due to strong attachment giving Pickering emulsion
superior stability over emulsions stabilized by surfactants.1 However, it is generally
believed that, like emulsion stabilized by surfactants, Pickering emulsions are
nevertheless thermodynamically unstable.10,15

1.1.2 Janus Particle
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In 1991, in his Nobel lecture, Pierre-Gilles de Gennes introduced the concept of “Janus
particles” first made by C. Casagrande et al.16 These are particles with opposite polarities
on the two hemispheres.17 Janus particles, according to de Gennes, resemble surfactant
molecules in their amphiphilicity but should exhibit a unique property that is not
observed in molecular amphiphiles when they assemble at an fluid-fluid interface. While
a film of surfactant molecules at the interface would be dense, a film of Janus particles
with interstices would form a “breathable skin” at the interface, through which exchange
of chemicals can occur between the two phases.
In 1990s, not much was done on Janus particle research other than a limited number of
publications in this area due to difficulty in the synthesis of Janus particles.18 During the
past 15 years, however, various synthesis methods are developed and motivations from a
wide array of potential applications have emerged.19 Janus particles exhibit unique
assembly behaviors that are not observed in homogeneous particles and inspired new
areas of potential applications due to improved performance over homogenous particles
in a large variety of fields such as targeted drug delivery, biomedicine, electronics and
sensors, optics, super-hydrophobic texitles, and many others.
One of the most promising applications of Janus particles is their use as solid surfactants
for the stabilization of multiphasic mixtures such as emulsions. What’s most exciting is
that de Gennes' vision of a breathable skin made of a Janus particle monolayer at a fluid–
fluid interface to allow for chemical exchange between the two fluid phases has recently
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been realized in a study by Faria and co-workers.20 Using Janus particles as solid
surfactants, they are able to selectively catalyze reactions in both phases.
Research focusing on the application of Janus particles as solid surfactants has shown
that these particles are able to stabilize emulsions and maintain their stability for an
extended period of time, more effectively than homogeneous particles. For example, it
was shown that Janus particles have significantly higher interfacial activity than their
homogeneous counterparts, and thus, can effectively lower the interfacial tension
between oil and water, as shown in Figure 1.2.21 Janus particles synthesized by partial
surface hydrophobization of hydrophilic silica particles are shown to effectively
stabilized oil in water emulsions. In addition, O/W emulsions stabilized with Janus
particles show superior long-term stability compared to those stabilized with
homogeneous silica particles, as shown in Figure 1.3.22
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Figure 1.2 Comparisons between homogeneous iron-oxide nanoparticles and 1dodecanethiol (DDT) modified Janus nanoparticles in decreasing the interfacial tension at
a water–n-hexane interface. Reprinted with permission from reference 21.

Figure 1.3 Comparison between emulsion stabilization (left) without particles, (second
column) with unmodified silica particles, and (third to last columns) with Janus particles.
Images were taken immediately after and 26 days after emulsification. Reprinted with
permission from reference 22.
Non-spherical Janus particles also have been explored as emulsifiers. Janus dumbbells (or
dimers) made of two partially fused spheres of opposing wettability (Figure 1.4) have
been shown to exhibit considerable “surfactancy”.23 These particles are synthesized by
9

inducing phase separation between two incompatible polymers or polymer network via
the seeded emulsion polymerization technique.24 It was proposed that the shape (i.e., the
ratio of the size of the two spheres) could play an important role in determining the
surface activity of these Janus dumbbells. These particles have the tendency to cover the
interface with closely packed arrangements. Another remarkable observation was the
stabilization of emulsion droplets that are non-spherical, as shown in Figure 1.4, which
was hypothesized to occur due to jamming of dumbbells at the interface in time scales
smaller than the relaxation time of the droplets. In another study, amphiphilic Janus
nanosheets were explored for emulsion stabilization.25 These plate-like Janus particles
were found to be effective in decreasing the surface tension, demonstrated by a decrease
in the size of emulsion droplets formed using these particles as emulsifiers. When used in
emulsion polymerization, increasing the concentration of these amphiphilic nanosheets
led to a decrease in the size of the synthesized polystyrene particles.

Figure 1.4 (Left) Schematic illustration of a Janus dumbbell with a parameter used to
define the packing parameter (Ppacking=v/aolc) of a dumbbell; (right) non-spherical
emulsion droplets formed by using amphiphilic dumbbells as colloid surfactants.
Reprinted with permission from reference 23.

10

Used as solid surfactants, Janus particles have also facilitated the formation of new
materials. It was demonstrated that Janus particles could compatibilize polymer blends
much more effectively than block and graft copolymers, which, currently, are the stateof-the-art compatibilizers.26,27 The effectiveness of Janus particles as polymer
compatibilizers was attributed to their tendency to readily adsorb to polymer–polymer
interfaces and to remain at the interfaces without micellization, even under high
temperature and high shear conditions. Another study showed that when Janus particles
were used as emulsifiers in mini-emulsion polymerization, no additives were required,
unlike in Pickering emulsion polymerization using homogeneous particles.28 Also, the
size of the particles produced with Janus particles was shown to be very well controlled
and monodisperse. The reason for such excellent performance of Janus particles as a
stabilizer in emulsion polymerization was attributed to their strong tendency to adsorb to
the oil–water interfaces.
In addition to these advances in experiments, a simulation study using dissipative particle
dynamics was used to study the mechanism of coalescence between two emulsion
droplets stabilized with Janus particles.29 The nanoparticle surface coverage, their surface
activity and the stability of the film forming between two coalescing droplets were found
to be extremely critical in determining the stability of emulsions. At a comparable
coverage, Janus nanoparticle-covered emulsions showed superior emulsion stability over
those stabilized with homogeneous nanoparticles because of the high surface activity of
Janus particles.
11

The main reason that Janus particles are able to stabilize emulsions more effectively than
homogenous particles can be explained by their strong attachment to fluid interfaces. Due
to the amphiphilicity of Janus particles, the desorption energy of a Janus particle from a
fluid interface can be as large as three times that of a homogeneous particle.30 Further
extending this work, it was theoretically shown that spherical Janus particles can lead to
the formation of thermodynamically stable Pickering emulsions.14 In contrast, Pickering
emulsions stabilized with homogeneous particles generally are only kinetically stable.
The large attachment energy of Janus particles to fluid interfaces is able to overcome the
energy penalty that is associated with creating a bare oil–water surface area during
emulsion formation.

1.2 Motivations and Objectives
1.2.1 Motivations
Recent studies have shown that Janus particles have much higher adsorption energy and
interfacial activity than their homogeneous counterparts. These studies inspire both
theoretical and experimental investigation for a comprehensive understanding of the
behaviors of Janus particles at fluid interfaces and their uses as solid surfactants for
emulsion stabilization.
Although spherical Janus particles represent good model systems, good control over the
geometry of Janus particles (e.g. position of Janus boundary) proves to be difficult. In
12

addition, the techniques to make them in a large quantity are still lacking. Pickering
emulsion-templated method developed by Liang et al. improves the yields of spherical
Janus particles by some extent.31 This method, however, only offers limited tunability of
the Janus boundary which separates the hydrophilic and hydrophobic portions.32 This will
greatly limit the application of Janus particles, especially when using them as solid
surfactants for emulsion stabilization where large area of interface is presented thus
requiring large amount of Janus particles. In contrast, non-spherical Janus particles,
especially, dumbbell Janus particles can be easily synthesized in bulk using seeded
emulsion polymerization. This method also allows good tunability on both the geometry
and wettability of Janus particles. Therefore, theoretical work on using these nonspherical Janus particles as solid surfactant is imperative.
Furthermore, there has been a great interest in stimuli-responsive surfactants which
allows the generation of smart emulsions. Studies on stimuli-responsive polymer
surfactants have shown that the configuration or amphiphilicity of these polymer
surfactants can be tuned by external stimuli allowing either destabilization or phase
inversion to occur. These interesting behaviors of stimuli-responsive polymer surfactants
inspires us to design synthesis scheme for making stimuli-responsive Janus particles
which will allow us to explore the relationship between the geometry of Janus particles
and their behaviors as solid surfactants.
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1.2.2 Objectives
The main objective of this thesis is to explore answers both theoretically and
experimentally to the following questions:
(1) Are Janus particles “better” solid surfactants than homogeneous particles?
(2) How can stimuli-responsive Janus particles be synthesized in large volume?
(3) How does the geometry of Janus particles influence their behavior as solid
surfactants?

1.3 Thesis Outline
Chapter 2 answers the question whether Janus particles are better solid surfactant than
homogeneous particles by considering the thermodynamics of emulsion stabilized by
Janus dumbbells particles. It will be shown that, different from homogeneous particlestabilized Pickering emulsion which are only kinetically stable, the use of Janus
dumbbells as emulsion stabilizers leads to the formation of thermodynamically stable
emulsions. Several other aspects are investigated including preferred droplet size and
effect of particle geometry on the droplet size.
Chapter 3 presents a novel synthesis scheme for making uniform, amphiphilic and pHresponsive Janus particle in a large quantity. This synthesis method is based on seeded
14

emulsion polymerization and makes use of both polymer physics and chemistry. The
tunability of this synthesis is studied. In addition, these Janus particles are used as solid
surfactants to stabilize emulsion to investigate their ability to manipulate the properties of
emulsions such as emulsion types and interactions in response to external stimuli, which
reveals the relationship between the geometry of Janus particles and their behavior as
solid surfactants.
Chapter 4 presents a systematically studies of emulsion stabilized by Janus particles
synthesized in Chapter 3 as a function of two parameters: pH and emulsion composition.
An interesting finding is the formation of stable multiple emulsions stabilized by these
Janus particles. Their triggered release by the change of solution pH again reveals the
relationship between the geometry of Janus particles and their property as solid surfactant.
Chapter 5 shows a synthesis scheme for making Janus particles with pure compartments
and geometrically anisotropic particles by a modifying the synthesis method introduced
in Chapter 3. In the new synthesis scheme, the effect of surfactants, monomer and crosslinker is investigated to optimize the final particles.
The dissertation concludes with Chapter 6, which gives a brief summary on emulsion
stabilization with amphiphilic Janus particles and recommendations for future studies.
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Chapter 2. Thermodynamically Stable Emulsions Using
Janus Dumbbells as Colloid Surfactants
Reprinted (adapted) with permission from Tu, F.; Park, B. J.; Lee, D. Thermodynamically Stable
Emulsions Using Janus Dumbbells as Colloid Surfactants Langmuir 2013, 29, 12679-12687. Copyright ©
2013 American Chemical Society.

2.1 Introduction
Emulsions are mixtures of two immiscible fluids that have a wide range of applications
from foodstuffs to pharmaceuticals to personal care products and enhanced oil
recovery.1,33 One important property that is critical in the application of emulsions is their
stability (e.g., shelf life of emulsion-based products). In general, emulsions stabilized
with molecular surfactants tend to undergo destabilization via coalescence and Ostwald
ripening.10
Pickering emulsions, which are emulsions stabilized using colloidal particles, have shown
to possess superior stability compared to surfactant-stabilized emulsions.8 This extended
stability has been attributed to the fact that the desorption energy of a particle with a
moderate contact angle from a liquid/liquid interface is typically several orders of
magnitude greater than the thermal energy, kBT. Therefore the adsorption of a particle to
a liquid/liquid interface is essentially irreversible.9 Although emulsions stabilized by
homogeneous particles generally have better stability compared to those stabilized with
surfactants, they are nevertheless only kinetically stable because the free energy of
emulsion formation is positive.34 The positive free energy of emulsion formation
16

indicates that Pickering emulsions could eventually undergo destabilization, like
traditional emulsions stabilized by surfactants.22,35,36
A new class of colloidal particles with amphiphilic properties, also known as Janus
particles17, have shown great promise in the stabilization of emulsions. Janus particles
with both hydrophilic and hydrophobic surfaces have shown to be more surface active
than homogeneous particles.21 In particular, theoretical work has shown that the
adsorption energy of a Janus sphere to a fluid-fluid interface can be three times as high as
that of the maximum adsorption energy of its homogeneous counterpart.30 Furthermore,
emulsions stabilized by Janus particles are reported to be more stable than those
stabilized by homogeneous particles, and therefore they are advantageous in applications
such as emulsion polymerization and emulsion-based microreactors for biofuel
conversion.20,22,25,28,37 Motivated by these results and other earlier work,34,38 it was
recently

demonstrated

theoretically

that

spherical

Janus

particles

can

give

thermodynamically stable Pickering emulsions.14
To date, numerous methods for synthesizing spherical Janus particles have been
reported19,22,39-41; however, these methods have some limitations. Methods based on the
selective deposition of a material on a two-dimensional array of spherical particles on a
planar substrate16,42-44 or those based on microfluidic and electrospinning techniques45-49
generate particles with high uniformity. However, these methods cannot be reliably used
to generate Janus particles in a large quantity. In contrast, methods based on particle
clusters50 or Pickering emulsions31,51-53 can generate Janus particles in larger quantities;
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however, the uniformity of these particles based on these methods is not very high. We
believe that these disadvantages significantly limit the application of spherical Janus
particles in emulsion stabilization, which inherently presents a large surface area thus
requires a large number of particles.
One recent development offers promise in generating Janus particles with high
uniformity in a large quantity.23 The synthesis of dumbbell particles (a.k.a., dimers,
snowman particles and dicolloids) using seeded-emulsion polymerization is a welldeveloped technique both theoretically and experimentally.54-56 Seeded-emulsion
polymerization is ideal in two aspects. First, this method is a truly bulk synthesis
technique, which allows large-scale generation of particles (e.g., > grams) and has a high
probability of being adapted by industry for a large scale synthesis of Janus particles.
Furthermore, it is possible to independently modify the two lobes of dumbbells57 to
impart and, more importantly, tune the amphiphilicity of these particles. Therefore, it is
critical to investigate whether Janus dumbbells would function as effective colloid
surfactants, and, more specifically, to study the thermodynamic stability of Janus
dumbbell-stabilized emulsions and the effect of various particle parameters on the
emulsification.
In this chapter, we calculate the free energy of the formation of emulsions stabilized with
amphiphilic Janus dumbbells. Our numerical calculations clearly show that
thermodynamically stable emulsions can be formed using Janus dumbbells as colloid
surfactants. We show that under a given condition, there is an energy minimum that
18

predicts a preferred area for the oil-water interface that can be achieved when Janus
dumbbells are used as emulsion stabilizers; this interfacial area can be used to predict a
non-dimensionalized average droplet radius of the emulsion. We also present the effect of
dumbbell geometry and emulsion composition on the average droplet size. We believe
our work provides guidelines for synthesizing and utilizing Janus dumbbells as colloid
surfactants in the stabilization of emulsions for a variety of applications.

2.2 Method
2.2.1 Geometry of Janus dumbbells
The geometry of Janus dumbbells studied in this work is shown in Figure 2.1 (a). A
dumbbell particle consists of two partially fused spheres (also called lobes). RA and RP are
the radii of hydrophobic and hydrophilic lobes, respectively. Symmetric Janus dumbbells
have equal radii (RA=RP). The centers of these two lobes are separated by a distance d.
The aspect ratio of a Janus dumbbell is defined as ARd=(RP+RA+d)/(RP+RA). P and A
are the angles which define the area of hydrophilic and hydrophobic lobes, respectively,
which can be calculated with known RA, RP and ARd. The volume of a single Janus
dumbbell is

Vd =

 RP3
3





2  3cos  P   cos  P  
3

 RA3
3

 2  3cos 
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  cos  A  . (2-1)
3

A

When the Janus dumbbells are symmetric, i.e., cosP=cosA=1- ARd, we have





2 RA3
2
3
Vd =
3  ARd    ARd  . (2-2)
3
The wettability of the two lobes of a Janus dumbbell is defined by three-phase contact
angles through the water phase (inset in Figure 2.1 (a)). We consider the “supplementary
wetting condition”; that is, the three phase contact angles of the hydrophilic and
hydrophobic lobes are described by P=90º- and A=90º+. A larger value of , thus,
represents a bigger difference in the wettability of the two lobes and a greater degree of
amphiphilicity in the Janus dumbbells.

Figure 2.1 (a) Geometry and amphiphilicity of a Janus dumbbell. The blue and red
colours represent hydrophilic and hydrophobic surfaces, respectively. (b) Top view of a
symmetric Janus dumbbell attached to a hexagonal fluid-fluid interface, which
circumscribes a lobe of the dumbbell.
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2.2.2 Free energy of emulsion formation
The free energy of Pickering emulsion formation is the sum of free energy of droplet
formation:
emG    d Gi

(2-3)

i

where i stands for the ith droplet and dGi stands for the free energy for creating the ith
droplet. The free energy of droplet formation is
d G  Aow ow  np  aG+U ele +U vdw +U hyd 

(2-4)

Where np is the number of dumbbells attached onto the surface of a single droplet; Aow
represents the surface area of a bare, notionally swollen droplet but with no dumbbells
attached. ow is the interfacial tension. aG is the free energy of adsorption of a dumbbell
particle to the droplet surface excluding particle interactions. Uele, Uvdw and Uhyd are
energy contribution from electrostatic, van der Waals and hydration forces of attaching a
single dumbbell particle to the formation of Janus dumbbell-covered emulsions,
respectively. Janus dumbbell-covered emulsions are modeled by first creating notionally
swollen droplets, and subsequently adsorbing Janus dumbbells to the droplet surfaces,
which reduces the free energy of the system.14,34
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When particles are adsorbed onto the interface of an emulsion droplet, particles will
displace a small portion of the oil phase which leads to the swelling of the droplet as
shown in Figure 2.2. A droplet with radius of R0 becomes R after the adsorption of Janus
dumbbells. A notionally swollen droplet can be regarded as a droplet with a cavity as
shown in Figure 2.2 (c) such that the droplet has a radius of R but still maintains a
volume of oil phase that is equal to the droplet shown in Figure 2.2 (a) and (b). This
approach

simplifies

the

calculation

of

free

energy

of

droplet

formation

dG=Aowow+npaG where Aow=4R2 because we do not have to consider the adsorption
of individual Janus dumbbells one at a time; instead, we can consider the attachment of np
Janus dumbbells at a time for the calculation of dG. The extra interface created by the
cavity will eventually disappear when particles are adsorbed to the interface therefore
there is no need to consider the free energy for creating this interface in the free energy of
droplet formation.

22

Figure 2.2 (a) A bare oil droplet with a radius of R0. (b) The droplet in (a) covered with
close-packed Janus dumbbells with a slightly larger radius R. (c) Notionally swollen
droplet that has a radius of R but has the same volume of oil phase as that in (a) and (b).
To proceed with the calculation, we apply the following conditions:
1. RA=100 nm, whereas RP can be larger than 100 nm.
2. The hydrophilic and hydrophobic lobes satisfy the so-called supplementary wetting
condition which indicates that the sum of the two contact angles (P and A) is 180°.
3. Amphiphilic dumbbells form a close-packed layer on the droplet interface.23
4. Amphiphilic dumbbells are initially dispersed in the aqueous phase.
5. The emulsion consists of oil-in-water droplets with a total volume of 1 m3 (Vw+Vo=1
m3).
6. The oil-water interfacial tension (ow) is 50 mN/m, similar to n-decane/water interfacial
tension.58
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Here we only consider amphiphilic dumbbells with the upright configuration at the oilwater interface.59,60 In the upright configuration, the long axis of a Janus dumbbell lies
perpendicular to the oil-water interface, and the wettability separation line (Janus
boundary) lies at the fluid interface. This condition imposes certain constraints on the
geometry and wettability (i.e., amphiphilicity ) of amphiphilic dumbbells which we will
discuss later. We consider both monodisperse and polydisperse emulsions. We also
assume that the Janus boundary does not cause undulation in the fluid interface, thus does
not induce lateral capillary attractions between Janus dumbbells.61-65

2.3 Results and Discussion
2.3.1 Free energy of emulsion formation
We first consider the situation, in which the radius of droplets is much larger than the size
of the amphiphilic dumbbells, i.e., R≥50RA and the dumbbells are symmetric. Under this
condition, particles can be assumed to form hexagonally close-packed structure on the
droplet surface14 because of the large radius of curvature of the droplet.66 Thus the
surface area of each droplet can be divided into np hexagonal elements. We modify
Equation (2-4) so that
 d G Aow

 ow   a G +U ele +U vdw +U hyd
np
np

(2-5)
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where Aow/np≈Ahex and Ahex is the area of the hexagonal element as shown in Figure 2.1
(b). The free energy of emulsion formation, therefore, will be negative (i.e.,
thermodynamically stable emulsion) if the free energy of creating this element is negative.
The free energy for creating the hexagonal element can be expressed as
IN
hex
G  hexG+Uele +Uvdw +U hyd (2-6)

IN
where  hex
G =dG/np andhexG=Ahexow+aG. hexG consists of two parts: creating a

hexagonal interface and the adsorption of a Janus dumbbell to this interface. The free
energy change due to the adsorption of one Janus dumbbell to the interface from the bulk
phase (aG) is the energy difference between a particle at the interface and a particle in
the bulk phase59 (aqueous phase in this context) and can be expressed as

 aG = RA2 ow  ARd2  2 ARd 1  sin   

 ow
R

Vd

(2-7)

for symmetric Janus dumbbells. The last term on the right hand side of Equation (2-7) is
due to the pressure difference between inside and outside of the droplet, which becomes
negligible when the droplet size is large compared to the particle size.67 The contribution
of particle-particle interactions such as electrostatic repulsion, van der Waals interaction
and hydration force to the free energy of emulsion formation will be shown to be
negligible.
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We compare the magnitudes of potential energies associated with electrostatic
interactions, van der Waals interactions and hydration interactions to the free energy of
creating a hexagonal element illustrated in Figure 2.1 (b). We incorporate the three
interactions mentioned above using the following approach.14
The free energy for creating a hexagonal element while considering particle-particle
IN
interactions can be expressed as  hex
G =hexG+Uele+Uvdw+Uhyd as described in the main

context. Notice that Uele=3sph-sph, Uvdw=3Vvdw and Uhyd=3Vhyd where sph-sph, Vvdw and
Vhyd are pair potentials for electrostatic, van der Waals and hydration interactions,
respectively. The factor 3 comes in because every dumbbell has six nearest neighbours.
The free energy for creating the hexagon shown in Figure 2.1 (b) excluding particleparticle interactions is hexG =-3.5×105 kBT.

2.3.1.1 Electric double layer repulsion
There could be electrostatic double layer repulsion between the two hydrophilic lobes.
This can be approximated with the potential energy of electrostatic repulsion between
two equal-sized spheres. The formula is sph-sph=(64an∞kBT2/2)exp(-S0) following
the Derjaguin approximation, where -1 is the Debye length and =2z2e2n∞/0kBT.

=tanh(ze/4kBT) and is Stern potential. a is the radius of the sphere. n∞ is the
number density of ions in the bulk solution. S0 is the shortest distance between these two
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spheres. z is the number of charge.68 For |z|≥100 mV (highly charged), z=1 and S0=0,
sph-sph/kBT=1122 with water=80 and T=293 K. Each hexagonal element will be connected
with six other hexagonal elements thus one dumbbell will have six nearest neighbors.
Therefore, if electrostatic interaction is included, every hexagonal element created will
result in another 3sph-sph energy penalty. We see that 3sph-sph=3366 kBT is much less
than 1% of hexG.
The calculation above most likely overestimates the electrostatic repulsion. First, stern
potential larger than 100 mV is not very common. Usually, a smaller potential is
expected. For example, Levine et al. estimated the double layer interaction between silica
particles of 0.286 μm in radius that are close to each other using the surface potential of
25 mV and 50 mV. The estimated values of sph-sph for these particles were 65.5 kBT and
300 kBT, respectively.69 Moreover, in the case of dumbbells, the polar lobes are not
completely spherical, thus the electrostatic potential is expected to be smaller than the
spherical case.
To consider the electrostatic interaction beyond the nearest neighbours, we need to
consider the Debye length -1 which can be calculated using  =2z2e2NAVC∞/0kBT
where NAV is the Avogadro's number and C∞ is the concentration of ions in bulk solution.
Assuming C∞=10-4 M, Debye length in this case is -1≈30 nm, which is much smaller
than the radius of dumbbell lobes (RA=100 nm). Therefore, electrostatic double layer
interactions beyond the nearest neighbors can be ignored.
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2.3.1.2 Van der Waals interaction
Following the idea of Levine et al.70, the potential energy due to Van der Waals
interaction can be approximated by the sum of two terms: attractive interactions between
two spherical particles in the aqueous phase and oil phases, respectively. Thus the pair
potential for van der Waals interaction is Vvdw=-(Apwpa/12S0+Apdpa/12S0) where Apwp is the
Hamaker constant for two polystyrene surfaces in water, and Apdp is the Hamaker
constant for two polystyrene surfaces in decane. S0 is the nearest separation between two
surfaces. We estimate Apdp using Apdp=[Ad1/2-Ap1/2]2 (where Ad=3.97×10-20 J (decane) and
and Ap=6.5×10-20 J.5). The two Hamaker constants are found to be Apwp=1.4×10-20 J and
Apdp=0.31×10-20 J. If we use S0=0.1 nm, 3Vvdw=-352 kBT which is negligible compared to
hexG=-3.5×105 kBT.

2.3.1.3 Hydration force
When two hydrophilic surfaces are very close to each other (distance in a few nm range),
there will be a strong repulsive hydration force that decays exponentially.71 The hydration
potential energy is expressed as Vhyd=rPo2exp(-D/) where  is a decay length, Po is
the hydration force constant and D is the closest separation of particle surfaces. Using
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=0.6 nm and Po=3×106 Nm-2,72 which are reasonable estimates for particles with β=40°,
3Vhyd=251 kBT (D=0 and r=100 nm) which is negligible compared to hexG=-3.5×105 kBT.
IN
G ≈hexG which simplifies the calculation of Equation (2-4) such that
Therefore,  hex

d G  Aow ow  np aG

(2-8)

We can further normalize hexG by the area of the hexagon as




 ARd2  2 ARd 1  sin    (2-9)
 hexG / Ahex   ow 1 
 2 3

to obtain the free energy of creating a unit area of the hexagonal element.
This calculation demonstrates that Janus dumbbells can lead to the formation of
thermodynamically stable emulsions. Figure 2.3 shows the free energy as a function of
the aspect ratio and the amphiphilicity of Janus dumbbells. The free energy of emulsion
formation is indeed negative and become more negative as the amphiphilicity increases.
More interestingly, the free energy also decreases as the aspect ratio increases despite the
fact that the displaced area at the oil-water interface by a dumbbell decreases as the
aspect ratio is increased (i.e., the cross-section area of the neck of a dumbbell decreases).
This trend can be explained by the fact that for Janus dumbbells in the upright
configuration, their tendency for preferential wetting (i.e., aqueous phase wets the
hydrophilic lobes and oil phase wets the hydrophobic lobes) outweighs their tendency to
maximize the displaced interface at the oil-water interface.59 Although our calculations
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are performed for oil-in-water emulsions, the same conclusions can be drawn for waterin-oil emulsions. We also believe that these particles can form thermodynamically stable
foams if Janus dumbbells with proper geometry and surface wettability are used.

Figure 2.3 Free energy of creating a unit area of a hexagonal element in Figure 2.1 (b)
with a symmetric dumbbell as a function of the aspect ratio and amphiphilicity of Janus
dumbbells.
To demonstrate the thermodynamic stability of Janus dumbbell-stabilized emulsions in a
more direct fashion, we calculate the free energy of emulsion formation for a specific
system that has the equal volumes (0.5 m3) of the aqueous and the oil phases. We
consider an emulsion that consists of monodisperse oil droplets whose radii are 10 μm
when no dumbbell is adsorbed at droplet surface73 and adjust the number of Janus
dumbbells available in the system to ensure that the droplet interface is fully covered.
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Because the emulsion consists of monodisperse droplets, Equation (2-3) becomes
emG  nd d G  nd  Aow ow  n p aG 

(2-10)

where nd is the total number of droplets in the emulsion. As shown in Figure 2.4, the free
energy of emulsion formation in most part of the plot is negative, indicating that these
emulsions are thermodynamically stable. The free energy of emulsion formation becomes
more negative as the aspect ratio and the degree of amphiphilicity increase. The free
energy is positive only when the degree of the amphiphilicity of dumbbells is very small
(≤2º). Notice that Janus dumbbells with ARd=1 and =0 correspond to homogeneous
spherical particles with a three-phase contact angle of 90°. Free energy data is omitted for
Janus dumbbells that do not have the upright configuration.59
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Figure 2.4 Free energy of emulsion formation as a function of the amphiphilicity and the
aspect ratio of Janus dumbbells. The emulsions modeled in this calculation consist of oil
droplets of a radius of 10 μm and have a 0.5 m3 aqueous phase and a 0.5 m3 oil phase.

2.3.2 Preferred area of interface
To test whether an emulsion system prefers a particular droplet size under a given
condition, we calculate the free energy of emulsion formation using Equation (2-10) as a
function of droplet radius provided that we have a sufficient supply of dumbbells in the
system (i.e., the system has enough particles to cover the surface of emulsion droplets
with a close-packed layer). Thermodynamic equilibrium would be reached if a global
minimum in the free energy of emulsion formation as a function of droplet radius is
observed. To test this idea, we assume a particular condition; the emulsion consists of a
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0.2 m3 oil phase and a 0.8 m3 aqueous phase with monodisperse droplets, and Janus
dumbbells in the system are symmetric and have an aspect ratio of 1.5. In addition, the
dumbbells are assumed to have the highest degree of amphiphilicity, i.e., =90º, which
ensures that the Janus dumbbells maintain their upright configuration even if the radius of
droplet becomes comparable to that of the dumbbell.59 Theoretical work has shown that
Janus boundary detaches from the oil-water interface when the droplet radius becomes
comparable to the size of a Janus particle.67 If the Janus boundary detaches from the oilwater interface, such a Janus dumbbell can adopt a tilted configuration, complicating the
determination of the free energy of emulsion formation. For R<50RA, the assumption of
hexagonal close-packing is no longer a valid approximation; thus, densest packings of
Janus dumbbells with icosahedral symmetry are used.74
As shown in Figure 2.5, the free energy of emulsion formation keeps decreasing until the
droplet radius is around 400 nm, at which point the free energy reaches a minimum. The
existence of a free energy minimum can be explained by considering the following
equation:

A

 emG  nd n p  ow  ow   aG  . (2-11)
 np



As can be seen in Equation (2-11), the total number of Janus dumbbells (ndnp) needed to
cover the droplet surface increases as the droplet radius decreases. However, as droplet
radius decreases, the fraction of displaced surface area at the interface of droplets by
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Janus dumbbells decreases as a result of deviation from hexagonal close-packing, which
makes ((Aow/np)ow+aG) less negative. Therefore, the total free energy eventually
increases as the droplet radius decreases beyond a critical value (the equilibrium radius).
This result indicates that, theoretically, there exists a thermodynamic equilibrium droplet
radius for this particular condition; however, the volume fraction of dumbbells required
to cover the entire oil-water interface for this equilibrium radius is around 60 vol%,
which is challenging and impractical to achieve experimentally. If the volume fraction of
oil phase becomes too large, then it may not be possible to reach the equilibrium diameter
because of the lack of particles in the aqueous phase (e.g., an emulsion of 35 vol% oil
phase requires > 100 vol% particle in the aqueous phase to completely cover the
emulsion surface). As long as enough Janus dumbbells can be suspended in the water
phase to completely cover the emulsion droplet surface, the size of the equilibrium
droplet, thus the number of particles on the droplet surface, remains constant; that is,
dG/vdrop (where vdrop = volume of a droplet) is minimum at R = Req regardless of
emulsion composition.
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Figure 2.5 Free energy of emulsion formation (red) and the corresponding volume
fraction of dumbbells in the aqueous phase needed to form a close-packed layer on the
droplet surface (blue) as a function of droplet radius. The Janus dumbbells have an aspect
ratio of 1.5 with a high amphiphilicity of β=90°. The emulsion consists of a mixture of a
0.2 m3 oil phase and a 0.8 m3 aqueous phase.
To consider more typical emulsification processes, we fix the volume fraction of
dumbbells to be 2 vol% of the aqueous phase. In this calculation, Janus dumbbells have
an aspect ratio of 1.5 and =40º, and emulsions are generated from a mixture of 0.2 m3
oil and 0.8 m3 aqueous phases with monodisperse droplets. It can be inferred from Figure
2.5 that the volume fraction of dumbbells needed to form close-packed layer at the
droplet interface increases as the droplet radius decreases. Thus, for a constant volume
fraction of dumbbells in a constant volume of water, the range of droplet radius within
which dumbbells can form a close-packed monolayer has a lower limit. When the amount
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of dumbbells is enough to form a close-packed monolayer on the surface of emulsion
droplets, the free energy of emulsion formation continues to decrease with the droplet
radius because the adsorption of every Janus dumbbell increases the number of hexagons
(shown in Figure 2.1 b) on the droplet surface. The addition of each hexagon to the
droplet surface reduces the free energy of the system until all of the Janus dumbbells are
consumed to cover droplet surface as shown by the blue circles in Figure 2.6. Once there
are no more Janus dumbbells available in the aqueous phase, a further decrease in the
droplet radius leads to an increase in the free energy (red squares in Figure 2.6). The
increase in the free energy is due to non-close packing of Janus dumbbells on the
interface, thus the exposure of bare oil-water interface. In other words, with a limited
number of Janus dumbbells, there is a total oil-water interfacial area (Spf) for a specific
system that results in the lowest energy state, which can be achieved when all of the
available Janus dumbbells attach to the droplet as a close-packed monolayer to minimize
the free energy of the system. We note that emulsions with non-close packed dumbbell
monolayer are nevertheless thermodynamically stable as long as the number of interfaceadsorbed dumbbells is high enough to over-compensate the energy of bare oil-water
interface formation. Based on Figure 2.6, the droplet radius with minimum free energy is
large enough to apply the hexagonal close packing approximation (R≥50RA). The total
oil-water interfacial energy that results in the lowest energy state thus can be
approximated with the number of Janus dumbbells in the system such that
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V 
S pf   w ds
 Vd


 Ahex


(2-12)

where ds is the volume fraction of dumbbells in the aqueous phase. The term in the
brackets in Equation (2-12) is essentially the number of Janus dumbbells in the system.
Although the conclusion of total interfacial area that results in the lowest energy state is
obtained under the assumption of a monodisperse emulsion, it also extends to
polydisperse emulsions because the total number of Janus dumbbells remains constant.

Figure 2.6 Free energy of emulsion formation as a function of droplet radius. Close
packed and non-close packed states are represented by blue circles and red squares,
respectively. The volume fraction of dumbbell is fixed at 2 vol%. Janus dumbbells have
an aspect ratio of 1.5 and =40º. The emulsion consists of a 0.2 m3 oil phase and a 0.8 m3
aqueous phase.
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The existence of preferred total interfacial area is reminiscent of an often-observed
phenomenon called “limited coalescence” in Pickering emulsions. In limited coalescence,
if the total amount of particles in an emulsion is initially insufficient to fully cover the
oil-water interfaces, the emulsion droplets coalesce such that the total interfacial area
between oil and water is progressively reduced until the particle layer at interface is dense
enough to prevent further coalescence.75 One major difference, of course, is that Janus
dumbbells generate thermodynamically stable emulsions, whereas Pickering emulsions
stabilized with homogeneous particles lead to kinetically stable emulsions.

2.3.3 Surface weighted average droplet radius for polydisperse emulsion
Emulsions generated using various bulk emulsification methods are polydisperse.
Numerous studies have shown that the size distribution of many emulsions, especially
Pickering

emulsions,

formed

via

conventional

processes

follow

log-normal

distribution.75-78 Thus we assume that Pickering emulsions generated with Janus
dumbbells obey log-normal distribution such that the distribution of the surface area
density of droplets S(R) has the following relation with the droplet radius R
S  R 

2
2
1
e ln R  M  /2 (2-13),
 2 R

where M and  are the mean and standard deviation of the variable’s natural logarithm. R
ranges from zero to infinity and, S(R)dR represents the fraction of interface taken by
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droplets with radius between R and R+dR. Using this distribution, we can convert Spf into
a more practical quantity: surface weighted average droplet radius R surf , which is also
known as the Sauter mean radius R32 79. The average droplet radius R surf is the first
moment of S(R), therefore


R surf =  S  R  RdR=eM 
0

2

/2

(2-14).

To calculate R surf , we set up an equation with volume balance of oil phase as





0

S pf S  R  RdR Vwds

 Vo (2-15).
3
2

The first term on the left hand side of Equation (2-15) is the total volume of droplets
which consists of both oil and Janus dumbbells because every Janus dumbbell has one of
its two lobes submerged in the droplets. The second term represents half of the total
volume of dumbbells. By combining Equation (2-14) and (2-15), we obtain

e M 

2

/2



3
S pf

Vwds 

 Vo  2  (2-16).



Thus, the average radius of a polydisperse emulsion can be expressed as

R surf 

3Vd
Vwds Ahex

Vwds 

 Vo  2  (2-17).



For symmetric Janus dumbbells, with Equation (2-2) and Ahex= 2 3RA2 we can non39

dimensionalize Equation (2-17) as







R surf

1 1
2
3 V

3  ARd    ARd   o
  (2-18).
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3
 Vw ds 2 

Figure 2.7 (a) Non-dimensionalized average droplet radius as a function of the dumbbell
aspect ratio and volume ratio between oil and aqueous phases. The volume fraction of
Janus dumbbell is 2 vol% of the aqueous phase. (b) Non-dimensionalized average droplet
radius as a function of the volume fraction of Janus dumbbells and volume ratio between
oil and aqueous phases. The Janus dumbbells have an aspect ratio of 1.5.
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Using the approach described above, we determine the non-dimensionalized average
droplet radius

based on the properties of Janus dumbbells and the composition of the

fluids. Figure 2.7 (a) shows

as a function of the aspect ratio of Janus dumbbells (ARd)

as well as the volume ratio between the oil and aqueous phases (Vo/Vw). First, we notice
that, for a fixed aspect ratio, the droplet radius increases with the volume ratio between
oil and aqueous phases. This trend is because larger oil droplets have smaller specific
surface area thus need fewer particles to form close-packed monolayer per unit volume of
oil phase compared with smaller droplets. For a given volume ratio, the droplet radius
also increases with the aspect ratio of Janus dumbbells. This increase is due to an increase
in the volume of a single dumbbell with aspect ratio and in turn a decrease in the number
of Janus dumbbells in the system.
In Pickering emulsification, two parameters that are readily tuned to change the emulsion
properties are the volume fraction of the particles and the volume ratio between the oil
and aqueous phases. To test how these two parameters change the droplet size, we
determine

as a function of the volume fraction of Janus dumbbells (ds) and the

volume ratio between oil and aqueous phases (Vo/Vw) when the aspect ratio is fixed at 1.5.
As shown in Figure 2.7 (b),

increases with the volume ratio between oil and aqueous

phases because of the smaller specific surface area associated with larger droplets as
discussed above.

also increases as the volume fraction of Janus dumbbells decreases

because, for a fixed volume ratio, the number of dumbbells in the aqueous phase
decreases with decreasing volume fraction of Janus dumbbells. Notice that in these more
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practical cases, the non-dimensionalized average droplet radius
i.e.,

satisfies R surf >50RA,

>50, indicating both hexagonal close-packing and Equation (2-12) are reasonable

approximations.

2.3.4 Effect of asymmetry
The unique feature of Janus dumbbells is that the geometry, in addition to chemistry, of
the particles can be precisely controlled.23,55,56 In fact, the control of the geometry is
expected to provide a unique means to change the packing of particles at the oil-water
interface, affecting the emulsification process. We, therefore, investigate how the
asymmetry of Janus dumbbells would affect the average droplet radius. The asymmetry is
define as =RP/RA. We change the ratio of the hydrophilic to hydrophobic lobe radii
while keeping the volume fraction of particles, the neck size of dumbbells and the
volume ratio between oil and aqueous phases constant. The neck area of dumbbells is
kept the same as that of symmetric dumbbells with an aspect ratio of 1.5 (i.e., 3RA2/4).
We use this condition because by fixing the neck area, we can exclusively examine the
effect of asymmetry on the average droplet radius. We note that highly asymmetric Janus
dumbbells are not considered here because those particles have been shown to adopt
tilted orientations at equilibrium.60
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Figure 2.8 (a) Schematic illustration of the effect of increasing asymmetry of Janus
dumbbells on their packing at the oil-water interface and (b) non-dimensionalized
average droplet radius as a function of the ratio between radii of hydrophilic and
hydrophobic lobes. Parameters used for this calculation are Vo/Vw=1/4 and ds=2%.
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As the particle asymmetry increases, hydrophilic lobes instead of hydrophobic lobes
come in contact with each other as shown in Figure 2.8 (a) thus the preferred area of
interface is determined as
V  
S pf   w ds  2 3RP2
 Vd 





(2-19).

Following the same argument for symmetric Janus dumbbells, we obtain nondimensionalized average droplet radius as
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  w ds


where cosP=-(1-3/42)1/2. We use ds=2% and Vo/Vw=1/4 for calculations.80 The nondimensionalized average droplet radius increases slightly with the asymmetry of Janus
dumbbells, as shown in Figure 2.8 (b), which may seem unexpected because we expect
fewer particles would be required to cover the same interfacial area when the asymmetry
of dumbbells is increased. Fewer particles on the surface of each droplet would be
expected to, in turn, result in a smaller average droplet radius. This somewhat
counterintuitive increase in the average droplet size, however, is due to the reduction in
the number of Janus dumbbells. It turns out that increasing hydrophilic lobes also
increases the volume of each Janus dumbbell, which in turn decreases the number of
Janus dumbbells in the system for a given particle volume fraction (ds).
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Figure 2.9 Effect of asymmetry of Janus dumbbells on the average droplet radius when
the number of Janus dumbbells in the system (Nd) remains constant. The value of Nd is
the same as the total number of symmetric Janus dumbbells with the aspect ratio of 1.5 in
a system consisting of a 0.8 m3 aqueous phase, 2 vol% of which is Janus dumbbells.
We perform a thought experiment in which we keep the number of Janus dumbbells in
the system constant while changing the asymmetry of the dumbbell. The preferred area of
interface in this case is



S pf  N d 2 3RP2



(2-21)

where Nd is the total number of Janus dumbbells in the system. Here the value of Nd is the
same as the total number of symmetric Janus dumbbells with the aspect ratio of 1.5 in a
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system consisting of a 0.8 m3 aqueous phase, 2 vol% of which is Janus dumbbells. The
geometry of Janus dumbbells has a significant influence on the average droplet radius as
shown in Figure 2.9.81 In contrast to Figure 2.8 (b), the radius of droplets decreases as the
asymmetry increases. Remarkably, even a small asymmetry in the shape of dumbbells
(RP/RA≥1.02) leads to an appreciable decrease in the size of emulsion droplets. These
results clearly illustrate that it is critical to carefully consider the concentration of
particles as well as the geometry of Janus dumbbells in predicting the average droplet
size of the resulting Picking emulsions.

2.4 Conclusions
We show that the use of Janus dumbbells as emulsion stabilizers leads to the formation of
thermodynamically stable emulsions. For a given volume fraction of Janus dumbbells in
the mixture system of a given composition, there exists thermodynamically preferred
interfacial area, which can be achieved when all of the Janus dumbbells in the system are
adsorbed to the droplet interface and form close-packed monolayers. Based on this result,
the non-dimensionalized average droplet radius as a function of the geometry and the
volume fraction of dumbbells and the emulsion compositions are predicted. Furthermore,
we examine the effect of asymmetry of dumbbells and show that increasing the
asymmetry of dumbbells increase the average droplet radius when the volume fraction of
Janus dumbbells is fixed, whereas the average droplet radius decreases when the number
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of Janus dumbbells is kept constant. We believe that our theoretical results will provide
critical insights into the design and application of Janus dumbbells as colloid surfactants
to generate thermodynamically stable Pickering emulsion.
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Chapter 3. Shape-Changing and AmphiphilicityReversing Janus Particles with pH-Responsive
Surfactant Properties
Reprinted (adapted) with permission from Tu, F. and Lee, D. Shape-Changing and AmphiphilicityReversing Janus Particles with pH-Responsive Surfactant Properties Journal of the American Chemical
Society 2014, 136, 9999-10006. Copyright © 2014 American Chemical Society.

3.1 Introduction
Janus particles are biphasic colloids that have two sides with contrasting
properties.17,19,41,82 One of the most promising and practical applications of these Janus
particles is in the stabilization of multiphasic mixtures such as emulsions.23,25,26,37,50,83-85
Theoretical and experimental studies have shown that Janus particles offer advantages
over their homogeneous counterparts as solid surfactants. The adsorption energy of a
spherical Janus particle to an oil-water interface, for example, can be as large as three
times that of its homogenous counterpart.30 Such a result indicates that Janus particles
have a very strong tendency to segregate to and remain at fluid interfaces. More recently,
theoretical studies based on free energy calculations have shown that thermodynamically
stable emulsions can be generated using Janus particles as solid surfactants.14,86 In
contrast, most Pickering emulsions generated with homogenous particles, except a few
notable exceptions87, are only kinetically stable. The thermodynamic stability of particlestabilized emulsions can be understood by determining the free energy change during
emulsification. While the free energy change is positive for emulsions stabilized with
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homogenous particles88, it can become negative for emulsions stabilized with Janus
particles due to their large detachment energy from fluid interface.14,86 Experimentally, it
has been reported that a Janus particle-laden interface has a significantly smaller
interfacial tension than a liquid-liquid interface with homogeneous particles, which
indicates that Janus particles have much higher surface activity.89-92 In addition, some
emulsions that cannot be easily stabilized by homogenous particles exhibit excellent
stability when Janus particles are used as emulsifiers.22 Taking advantage of such
excellent surfactant properties of Janus particles, recent studies have shown that Janus
particle-stabilized emulsions can be used as microreactors for biofuel upgrade reactions
and the subsequent separation of the reaction products.93,94
An emerging idea in this area is that the shape of Janus particles, in addition to their
amphiphilicity, has a significant influence on their behavior and functionality as surface
active agents.63 Such a concept is inspired by the fundamental parameters that govern the
behavior and properties of molecular amphiphiles: shape, characterized by the so-called
packing parameter, and amphiphilicity, quantified in terms of hydrophile-lipophile
balance (HLB).5 The type of emulsions that can be stabilized by a particular molecular
amphiphile, for example, can be accurately predicted by analyzing its packing parameter
and HLB number.5 Recent reports provide ample evidence that the behavior and
properties of Janus particles as solid surfactants indeed depend on the shape as well as the
chemistry of Janus particles. Both theoretical and experimental studies, for example, have
shown that shape anisotropy is a critical factor that determines the configuration of Janus
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particles as well as interparticle interactions at fluid interfaces.59,60,95,96 The adsorption
kinetics and packing behavior of non-spherical Janus particles also have been found to
depend strongly on the particle shape.97
One intriguing class of molecular surfactants that exhibit behaviors that have both
fundamental and practical significance is stimuli-responsive amphiphiles. These
molecules change their shape and amphiphilicity in response to external stimuli such as
temperature, pH and light, which in turn change their properties and functionality as
surfactants.98,99 A diblock copolymer composed of a hydrophobic block and a pHsensitive hydrophilic block, for example, assembles into a variety of different aggregate
structures depending on the pH of the solution.100-102 Another study has shown that the
type of emulsions (i.e., oil-in-water vs. water-in-oil) generated with a hydrophobically
modified pH-sensitive polymer as the stabilizer depends on the pH of the aqueous
phase.103 A recent study has even shown that the generation and phase inversion of
multiple emulsions is possible using single pH-sensitive amphiphilic copolymer
surfactant.104 The changes in the shape and HLB of these amphiphilic molecules in
response to changes in the solution pH are responsible for these observed phenomena.
Despite many interesting and important examples of stimuli-responsive molecular
surfactants, only a few examples have been reported on the application of stimuliresponsive Janus particles as solid surfactants. Janus particles described in these previous
studies105-107 have somewhat limited ranges of amphiphilicity- and shape-tunability and
thus cannot be used for inducing phase inversion of emulsions or for stabilizing different
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types of emulsions as have been demonstrated by stimuli-responsive molecular
surfactants.
In this chapter, we present the synthesis of pH-responsive Janus particles that can
completely switch their amphiphilicity due to drastic changes in their shape and
chemistry. The surfactant properties of these Janus particles can be drastically altered to
enable stabilization of different types of emulsions and induce phase inversion of
emulsions. Our synthesis method utilizes seeded emulsion polymerization, thus enables
the generation of a large amount of highly uniform particles.24,39,40,55,108-112 The pHresponsiveness of these Janus particles can be tailored by changing the composition of
the particles generated via the seeded emulsion polymerization. We demonstrate the type
of emulsions that are stabilized by these amphiphilicity-reversing and shape-changing
Janus particles depends on the solution pH and that these emulsions undergo phase
inversion in response to changes in the pH of the aqueous phase. We also demonstrate
that the interaction between emulsion droplets stabilized by these particles can be
controlled by changing the pH of the continuous phase. Our results present a new class of
colloidal materials that will further widen the functionality and properties of Janus
particles as dynamically tunable solid surfactants.

3.2 Experimental Section
3.2.1 Synthesis of amphiphilic Janus particles
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Amphiphilic Janus particles are synthesized by seeded emulsion polymerization followed
by acid hydrolysis. The monodisperse seed particles composed of linear polystyrene (LPS)
are synthesized by dispersion polymerization. First, 0.03 gram polyvinylpyrrolidone
(PVP, Mw ~ 55,000) is dissolved in 75 ml isopropyl alcohol (IPA, 99.9%) in a 100 ml
flask. Then 9 ml deionized (DI) water containing 0.02 gram ammonium persulfate (APS,
98%) as initiator is added to the flask followed by adding 6.6 ml styrene (≥99%). After
the flask is sealed with a rubber stopper and Teflon® tape, the mixture is well mixed by
shaking the flask for 60 seconds. Subsequently the mixture is purged with nitrogen for 5
minutes. The flask is mounted onto a tumbler (IKA® RW16 basic) and immersed in oil
bath at 70 °C. The flask is tumbled at 100 revolutions per minute (rpm) for 24 hours for
polymerization. After polymerization, the particles are washed four times with DI water
using centrifugation. 20 wt% LPS dispersion is prepared by dispersing LPS particles in 1
wt% poly vinyl alcohol (PVA, Mw 13,000-23,000, 87-89% hydrolyzed) aqueous solution.
A 20 wt% monomer emulsion is prepared by vortexing a mixture consisting of styrene,
tert-butyl acrylate (tBA, 98%), 1 vol% divinylbenzene (DVB, 55%) and 0.5 wt% initiator
2,2'-Azobis(2.4-dimethyl valeronitrile) (V-65B) (Wako) with 1 wt% PVA aqueous
solution. LPS particles are swollen with the monomer mixture by mixing the LPS
dispersion and the monomer emulsion. The volume ratio of the LPS and the monomer
mixture is 20:80. The particle-monomer mixture is mounted on a rotator (Glas-Col®) and
rotated for 8 hours at 60 rpm. Seeded emulsion polymerization is performed by tumbling
the particle-monomer mixture in an oil bath at 70 °C at 100 rpm for 10 hours. After seed
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emulsion polymerization, the particles are washed with DI water for least 6 times by
centrifugation to remove PVA and unreacted monomer. The particles from seeded
emulsion polymerization are then stirred in an acid mixture consisting of 80 vol%
trifluoroacetic acid (TFA, 99%) and 20 vol% formic acid (FA, ≥95%) at 1200 rpm for 24
hours for hydrolysis of tBA. The volume ratio of particles and acid mixture is 1:40. The
hydrolyzed particles are washed with DI water for 10 times by centrifugation.

3.2.2 Emulsification, phase inversion and emulsion characterization
3 ml toluene (99.8%) containing 0.01 wt% Nile Red (technical grade) and 3 ml of an
aqueous suspension containing 0.5 wt% (Sty50/AA50) Janus particles are added in a
glass vial and homogenized at 9500 rpm for 60 seconds using a homogenizer (UltraTurrax® T25 basic). The pH of the aqueous phases is adjusted using 1.0 M NaOH or 1.0
N HCl solutions. For phase inversion, 20 μL of 1.0 N HCl and 1.0 M NaOH are added in
oil-in-water (O/W) emulsion (6.0 mL) generated with (Sty50/AA50) Janus particles in
pH 11.0 and water-in-oil (W/O) emulsion (6.0 mL) generated with (Sty50/AA50) Janus
particles in DI water, respectively. The emulsions are thoroughly mixed using a vortex
mixer for 30 seconds and subsequently homogenized at 9500 rpm for 60 seconds. To
image emulsion droplets using fluorescence microscopy, a drop of emulsions is placed in
between two glass slides. To image (W/O) emulsions, glass slides are silanized using 1
vol% octadecyltrichlorosilane (OTS, ≥90%) in toluene for 30 seconds followed by heat
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treatment on a hot plate at 150 °C for 30 minutes. To image (Sty50/AA50) Janus
particles on emulsion surfaces, we replace toluene with styrene and add 1 wt% V-65B to
enable polymerization of the oil phase.

Polymerized emulsion samples are washed

thoroughly with DI water before imaging.
To characterize the interactions between emulsion droplets, toluene-in-water emulsions
are prepared by first homogenizing a mixture of 1 ml toluene and 4 ml 0.5 wt%
(Sty50/AA50) Janus particles dispersed in aqueous solution of either pH 2.2 or pH 11.0 at
9500 rpm for 60 seconds followed by vortexing for 30 seconds. The emulsions are
transferred into a glass syringe and injected into a glass microchannel with a 1 × 1 mm 2
square cross-section. The flow pattern of the toluene-in-water emulsions is recorded by a
fast camera (Phantom v7.1).

3.3 Results and Discussions
3.3.1 Synthesis of amphiphilic Janus particles
The generation of amphiphilic Janus particles is inspired by the synthesis of pHresponsive amphiphilic diblock copolymer, poly(styrene-b-acrylic acid) (PS-b-PAA). PSb-PAA diblock copolymers are typically synthesized by sequentially polymerizing
styrene and tertiary butyl acrylate (tBA) to make poly(styrene-b-tBA) and then
subsequently hydrolyzing the tBA repeating units to form the acrylic acid block.113-116
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We use an analogous method to synthesize amphiphilic Janus particles using seeded
emulsion polymerization as schematically illustrated in Figure 3.1 (a).

Figure 3.1 (a) Schematic illustration for the synthesis of amphiphilic Janus particles by
seeded emulsion polymerization followed by acid hydrolysis. Scanning electron
microscope (SEM) images of (b) linear polystyrene (LPS) seed particles, (c) P(S-cotBA)/LPS composite particles and (d) (Sty/AA) Janus particles after hydrolysis. The inset
of the image in (d) shows hydrolyzed composite particles prepared by fast evaporation
with AA-rich side collapsed (scale bar = 2 μm).
Monodisperse particles (~ 0.75 μm in diameter) composed of linear polystyrene (LPS)
are synthesized by dispersion polymerization (Figure 3.1 (b)).117 These LPS seed
particles are swollen with a monomer emulsion composed of styrene, tBA,
divinylbenzene (DVB) (1 vol%), 2,2'-azobis(2.4-dimethyl valeronitrile) (0.5 wt%;
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initiator) and 1 wt% poly vinyl alcohol (PVA) aqueous solution for 10 hours. The volume
ratio of LPS particles and the monomer mixture is 20:80, while the ratio of styrene and
tBA in the monomer mixture is 50:50. These swollen LPS particles are kept at 70 °C for
8 hours for polymerization, which produces ~ 1.1 μm-composite particles consisting of
LPS and a network of copolymer styrene and tBA, as shown in Figure 3.1 (c). tBA
repeating units in the copolymer network are subsequently hydrolyzed using a 80:20
mixture of trifluoroacetic acid (TFA) and formic acid (FA) to form acrylic acid (AA).
The hydrolysis of the composite particles is confirmed with Fourier transform infrared
spectroscopy (FTIR). The disappearance of peaks associated with tBA at 1368 cm-1, 1392
cm-1, 1255 cm-1 and 1148 cm-1 peaks and a broadening and shift in the peak associated
with carbonyl (-C=O) from 1725 cm-1 to 1705 cm-1 before and after hydrolysis are both
indications of successful conversion of tBA to acrylic acid as shown in Figure 3.2. The
presence of 1452 cm-1 and 1491 cm-1 peaks is attributed to the aromatic rings in
polystyrene.118,119
The hydrolysis of the composite particles leads to a drastic change in the morphology of
the particles as seen in Figure 3.1 (d). The hydrolyzed particles become acorn shapes with
one smooth side and one rough side. This highly asymmetric shape strongly suggests that
some type of phase separation occurred within each composite particle during seeded
emulsion polymerization. In fact, a very careful examination of the composite particles
before hydrolysis shows evidence of phase. Although morphological changes before
hydrolysis induced by phase separation is not as prominent as that after hydrolysis, phase
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separation nevertheless can be observed by careful examination of the surface of P(S-cotBA)/LPS composite particles. We place a dashed line outlining the boundary between

Absorbance (a.u.)

the two phases of each particle to distinguish the two sides (Figure 3.3).
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Figure 3.2 Fourier transform infrared spectroscopy (FTIR) of P(S-co-tBA)/LPS
composite particles before (black) and after (red) hydrolysis.

Figure 3.3 Scanning electron microscope images of P(S-co-tBA)/LPS composite
particles show the boundary of smooth surface and slightly rougher surface ((b) marked
by black dashed line) (scale bar = 1μm).
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We believe the copolymerization of the two monomers in the presence of LPS induces
phase separation in the composite particles. Instantaneous copolymer composition as a
function of monomer conversion is calculated using formula as shown in Equation (21).120

 f 
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M/M0 stands for the remaining mole fraction of two monomers in the reaction medium,
thus 1- M/M0 represents the mole fraction of two monomers that have been reacted or
converted. fS and ftBA represent the mole fraction of styrene and tBA in the reaction
medium, respectively, while (fS)0 and (ftBA)0 represent the initial mole fraction of styrene
and tBA in the reaction medium. Other parameters are listed as in Equation (2-2), (2-3),
(2-4), (2-5), (2-6) and (2-7).
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FS  1  FtBA (2-7)
rS = 0.89 and rtBA = 0.29 are the reactivity ratio for styrene and tBA, respectively. FS and
FtBA are the mole fraction of styrene and tBA in the instantaneous copolymer chains,
which are solved numerically for different degrees of conversion. As seen in Figure 3.4,
the network strands generated in the early stage of copolymerization is rich in styrene.
The mole fraction of styrene gradually decreases as degree of conversion increases.
When the degree of conversion is around 80%, mole fraction of tBA in the network
strands starts to dominate over styrene and eventually increase to 100%.
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Figure 3.4 Instantaneous copolymer composition as a function of degree of monomer
conversion calculated for copolymerization of styrene and tBA from Equation (2-1).
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The reactivity ratios, which characterize the selectivity of an end group of a polymerizing
chain to react with either monomer during copolymerization, of styrene and tBA are 0.89
and 0.29, respectively, in toluene medium.121 Because of the reactivity ratios of the two
monomers are quite different, composition of the polymer network formed with these two
monomers is expected to shift as the polymerization of monomers proceeds; that is, the
network strands generated in the early stage of polymerization is rich in styrene. These
strands likely have an appreciable miscibility with LPS of the seed particles. However, as
the conversion approaches completion, the network strands synthesized in the late stage
become rich in tBA. These network strands likely has low miscibility with LPS and also
with styrene-rich part of the network because of the high Flory-Huggins interaction
parameter between styrene and tBA.122 Thus, the composite particles undergo
polymerization-induced phase separation resulting in the formation of styrene-rich and
tBA-rich regions. Interestingly, no signs of phase separation are observed if particles
composed of styrene and tBA are synthesized in the absence of LPS as shown in Figure
3.5, emphasizing the importance of LPS in inducing the phase separation.
Styrene-tBA composite particles are synthesized without LPS seed particles to reveal the
necessity of LPS in inducing the phase separation we observe in the P(S-co-tBA)/LPS
composite particles shown in Figure S2. A monomer mixture consisting of styrene, tertbutyl acrylate (tBA, 98%), 1 vol% divinylbenzene (DVB, 55%) and 0.5 wt% initiator
2,2'-Azobis(2.4-dimethyl valeronitrile) (V-65B) (Wako) are emulsified in 1 wt% poly
vinyl alcohol (PVA) aqueous solution by vortexing. The volume ratio of styrene and tBA
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is 50:50. The monomer emulsion is then tumbled in oil bath at 70 °C for 24 hours for
polymerization. The particles are washed with deionized water for 6 times before acid
hydrolysis by a mixture of 80 vol% trifluoroacetic acid and 20% formic acid for 24 hours.
The volume of particles and acid mixture is 1:40. The hydrolyzed particles are washed
with deionized water 10 times before imaging.

Figure 3.5 Styrene-tBA composite particles synthesized by emulsion polymerization
without LPS seed particles (a) before and (b) after hydrolysis (scale bar = 5 µm).
As shown in Figure 3.5, there is no morphological change before and after hydrolysis as
P(S-co-tBA)/LPS composite particles synthesized using seeded emulsion polymerization
as shown in Figure 3.1. This result likely shows the importance and necessity of LPS
seed particles for successful phase separation during polymerization. Phase separation in
seeded emulsion polymerization has been observed in poly(methyl methacrylate)-seeded
emulsion polymerization of styrene, in which different particle morphologies were found
by changing polymerizing conditions.123
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Although the evidence for phase separation is quite clear, it is not straightforward to
distinguish which side of the hydrolyzed composite particles is rich in AA. To indentify
the chemical natures of the two sides, we subject these particles to rapid drying from an
aqueous suspension. Rapid dehydration under high vacuum does not allow the AA-rich
side, which likely becomes swollen in water, to relax back to form a smooth hemisphere
thus leading to disfigurement of the AA-rich side as shown in the inset of Figure 3.1 (d).
Because of its hydrophobicity and the lack of swelling in water, the styrene-rich side is
not expected to show any significant difference in the morphology even after rapid drying.
These results strongly suggest that the rough side of the composite particles is the
styrene-rich (Sty-rich) side. We believe the small dimples that are present on the surface
of the Sty-rich side are small domains of acrylic acid. Despite the presence of these small
domains of carboxylic acid groups, we expect Sty-rich domain to remain hydrophobic.
Studies have shown that PS particles functionalized with surface carboxylic acid groups
have relatively hydrophobic surfaces at the interface between oil and water (three phase
contact angle > 130).124 In the rest of this chapter, we refer to these hydrolyzed composite
particles as (Sty/AA) Janus particles.

3.3.2 Shape-changing property of (Sty/AA) Janus particles
Polymer networks containing high mole fractions of acrylic acid units are known to have
pH-responsiveness; that is, they swell and deswell in high and low pH conditions,
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respectively. Such a stimuli-responsive property of AA-rich network makes our Janus
particles change their shape and behavior quite drastically in response to changes in
solution pH. As shown in Figure 3.6 (a), at pH = 2.2, (Sty50/AA50) Janus particles125
remain oblate-like and form clusters in the suspension. The formation of these clusters
indicates that these particles interact attractively, which is reminiscent of the aggregation
of amphiphilic molecules in water (e.g., micelle formation). The aggregation of the
particles is likely due to the protonation of acrylic acid groups and the loss of surface
charge, leading to the reduction of electrostatic repulsive interactions between
particles.51,126-129 When these (Sty50/AA50) Janus particles are dispersed in deionized
water (pH = 5.5 - 6.0), however, these particles become individually dispersed and, at the
same time, become more or less spherical in shape as shown in Figure 3.6 (b). Such a
shape change likely stems from slight hydration of the AA-rich side and partial ionization
of carboxylic acid groups, which keep the particles apart via electrostatic repulsion.
When the basicity of the suspension is further increased to pH 11.0, these Janus particles
transform their shape from spheres to dumbbells (also known as snowmen, dimers and
dicolloids), as shown in Figure 3.6 (c). The AA-rich lobes of these Janus dumbbells
become almost transparent due to significant swelling in the high pH environment.
The pH-sensitivity of these Janus particles can be tuned by controlling the composition of
the monomer mixture that is used for seeded emulsion polymerization. To demonstrate
such tunability, we synthesize two additional composite particles with the styrene:tBA
ratios of 75:25 and 25:75. As shown in Figure 3.6, the pH-sensitivity of these two
63

amphiphilic Janus particles in different pH solutions are quite different. (Sty75/AA25)
Janus particles (Figure 3.6 (d)) remain spherical at pH = 11.0 (Figure 3.6 (f)), whereas
(Sty25/AA75) Janus particles (Figure 3.6 (e)) transform to dumbbell shapes in deionized
water (pH = 5.5 - 6) (Figure 3.6 (g)). The changes in the responsiveness (i.e., swellability)
of the AA-rich sides likely stems from the changes in their composition. In short, our
results demonstrate that the aggregation/dispersion behavior and shape of (Sty/AA) Janus
particles are highly sensitive to the solution pH and that their pH sensitivity can be
tailored by tuning the ratio of styrene and tBA used for the synthesis of these particles.
One way to characterize the shape changes that are observed in these particles as a
function of the solution pH is to use the concept of packing parameter, which is typically
used to characterize the shape of molecular surfactants and the size ratio of hydrophilic
and hydrophobic segments within a molecular surfactant.5 For example, while the
(Sty50/AA50) Janus particles have a packing parameter that is larger than 1.0 in acidic
solutions, the packing parameter of the same particle decreases below 1.0 in basic
solutions.5 Such a drastic shape change, we believe, leads to reversal in the
amphiphilicity of these particles; that is, in the language of hydrophile-lypophile balance
(HLB), (Sty/AA) Janus particles have lypophile-dominant property in acidic solutions,
whereas they completely switch to become hydrophile-dominant solid amphiphile in
basic solutions. The implications of such an amphiphilicity-reversing property of
(Sty/AA) Janus particles are described below.

64

Figure 3.6 Microscope images of (Sty/AA) Janus particles made with 50 vol% of both
styrene and tBA in the monomer mixture (Sty50/AA50) in (a) pH =2.2, (b) DI, and (c)
pH=11.0 water. (Sty/AA) Janus particles swollen by monomer mixtures with styrene:tBA
ratios of (d) 75:25 and (e) 25:75. Microscopy images of (f) (Sty75/AA25) Janus particles
in pH=11.0 water and (g) (Sty25/AA75) Janus particles in DI water (pH=5.5 – 6) (scale
bar = 10 μm in a, b, c, f and g; scale bar = 1 μm in d and e).
In addition to the tunability of pH responsiveness, the synthesis scheme developed here
also allows us to tune the Janus boundary between styrene-rich side and acrylic acid-rich
side. This can be done by increasing the volume ratio between monomer and polystyrene
seeds (swelling ratio Vmono/VPS) during the swelling step. As shown in Figure 3.7, with

65

increasing swelling ratio from 3:1 to 7:1, the Janus boundary continually moves towards
rough styrene-rich side.

Figure 3.7 SEM images of (Sty50/AA50) Janus particles with increasing swelling ratio
Vmono/VPS: (a) 3:1, (b) 4:1, (c) 5:1, (d) 6:1 and (e) 7:1. The scale bar is 1 µm.
3.3.3 Controlling the type of Pickering emulsion stabilized by (Sty/AA) Janus
particles
One of the most promising and practical applications of Janus particles is in the
stabilization of multiphasic mixtures such as emulsions. As summarized in Introduction,
recent studies have shown that thermodynamically stable emulsions can be generated
using amphiphilic Janus particles.14,86 Because our (Sty/AA) Janus particles comprise two
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sides with significantly different preferences toward oil and water (i.e., not just the
wettability but also swellability in different media), we believe our particles would make
excellent solid surfactants. Moreover, the shape-changing and thus amphiphilicityreversing properties of these (Sty/AA) Janus particles could significantly change their
surfactant properties; that is, analogous to how the shape of molecular surfactants
determine the type of emulsions they can stabilize, the type of emulsions that can be
stabilized by these solid amphiphiles may depend on the particle shape and
amphiphilicity.
To test this idea, we generate emulsions while keeping the volume ratio of oil and
aqueous phases constant at 50:50. By keeping the volumes of the two phases equal to
each other, it allows the system to generate the type of emulsion that the Janus particles
prefer and avoid the influences of dominant fluid phase in determining the final emulsion
type.130,131 An oil-soluble dye, Nile Red, is added to facilitate emulsion characterization,
and Janus particles are dispersed in the aqueous phase.

As shown in Figure 3.8,

emulsions made with particles in pH 2.2 water and in deionized (DI) water sediment to
the bottom of the vials with excess oil phase remaining on top of the settled emulsions. In
contrast, the emulsion made at pH 11.0 creams with an aqueous phase forming at the
bottom. Given that the density of toluene is smaller than that of water, these observations
suggest that emulsions made with pH 2.2 and DI water are water-in-oil (W/O) emulsions,
whereas the emulsion made at pH 11.0 is an oil-in-water (O/W) type. This prediction is
further confirmed by the fluorescence microscopy images of the emulsions as shown in
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Figure 3.8. The fluorescence microscopy images indicate that emulsion droplets made at
pH 2.2 and DI water are composed of aqueous phase (dark dispersed phase), whereas
those made at pH 11.0 are oil droplets (bright dispersed phase). The size of W/O
emulsion droplets is significantly larger than that of O/W emulsions likely because of the
high charge of (Sty50/AA50) Janus particles at pH 11.0, leading to strong repulsive
interparticle interactions. An analogous trend has been observed in emulsions that were
stabilized with silica and latex particles.132
To observe the aggregation structures as well as the orientations of (Sty50/AA50) Janus
particles at the interface of emulsion droplets, we replace toluene with a polymerizable
oil phase, styrene, which has similar property and chemical structure as toluene. The oil
phase contains 3 ml styrene with 0.5 wt% 2,2'-Azobis(2.4-dimethyl valeronitrile) as
initiator, whereas the aqueous phase contains 3 ml 0.5 wt% (Sty50/AA50) Janus particles
under pH 2.2 or pH 11.0. Emulsions are made by homogenization at 9500 rpm for 60
seconds. The emulsions are subsequently placed in an oil bath at 70 °C for
polymerization of styrene for 24 hours. Polymerized samples are washed with deionized
water thoroughly before imaging.10,40
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Figure 3.8 Macroscopic and fluorescence microscopy images of emulsions made with
aqueous phases of pH 2.2, deionized water (water-in-oil emulsion) and aqueous phase of
pH=11.0 (oil-in-water emulsion). The volume ratio of oil and water phases is kept 50:50
in all cases, and the oil phase contains 0.01 wt% Nile Red (scale bar = 500 μm).
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Figure 3.9 Scanning electron microscopy images of polymerized styrene-in-water
emulsion (a,b and c) and water-in-styrene emulsion (d and e). (a) Image of a polymerized
styrene emulsion droplet made at pH 11.0 with (Sty50/AA50) Janus particles on the
surface (scale bar = 50 µm). (b) High magnification image of an embedded (Sty50/AA50)
Janus particle on the surface (scale bar = 2 µm). (c) A free (Sty50/AA50) Janus particle
on substrate (scale bar = 2 µm). (d) Image of polymerized water-in-styrene emulsions
(scale bar = 300 µm). (e) (Sty50/AA50) Janus particles embedded in the surface of the
polymerized styrene phase in (d) (scale bar = 1 µm).
In the case of styrene-in-water emulsion droplets stabilized with (Sty50/AA50) Janus
particles at pH 11.0, we observe particles imbedded in the polymerized droplet as shown
in Figure 3.9 (a). In addition, we also find some free particles that are not embedded in
the polymerized droplets as seen in Figure 3.9 (c). The exposed dome of the imbedded
particles as shown in Figure 3.9 (b) resembles one lobe of the free particles in both shape
and size, which we believe to be the AA-rich lobe. This phenomenon also indicates that
the other lobe of (Sty50/AA50) Janus particles is fully immersed in the styrene emulsion
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before polymerization. The mushroom-shaped free particles are also a strong indication
that our (Sty50/AA50) Janus particles are dumbbells at pH 11.0. We believe we are able
to observe the dumbbell shape because styrene used as the dispersed oil phase also swells
(Sty50/AA50) particles and undergoes polymerization, changing their shape and size
from their original states.
In the case of water-in-styrene emulsion droplets stabilized with (Sty50/AA50) Janus
particles at pH 2.2, the large concave surfaces that are observed in Figure 3.9 (d)
represent the polymerized continuous phase. On the surface of the polymerized styrene
phase, we find (Sty50/AA50) Janus particles embedded in the polymerized surface as
shown in Figure 3.9 (e). Particles that are embedded in the surface have circular outline,
indicating that (Sty50/AA50) Janus particles immerse styrene-rich side in oil phase while
expose AA-rich side to the aqueous phase; that is, no particles are showing tilted
orientations at the interface. These observations strongly indicate that (Sty50/AA50)
Janus particles indeed take the upright orientation on emulsion surface due to their high
amphiphilicity; that is, each side of these Janus particles fully resides in its preferred fluid
phase, and the boundary between the two sides are pinned at the W/O or O/W interface.
Our results clearly demonstrate that (Sty/AA) Janus particles can change their preferred
emulsion type in response to pH changes in the aqueous phase and stabilize different
types of emulsion. The preferred emulsion type as a function of the solution pH can be
attributed to the changes in the shape leading to the reversal of the amphiphilicity of
(Sty/AA) Janus particles, which is analogous to the effect of the packing parameter and
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the HLB of molecular surfactants, respectively, on the type of emulsions that they are
able to stabilize. The upright orientation of these Janus particles at the water-oil interface
likely plays an important role in maximizing the effect of particle shape change on the
emulsion type that can be stabilized with these particles.86

Figure 3.10 Images of emulsions inverted from Emulsion-2 and Emulsion-3 in Figure 3.7
by adding ~ 20 μL of 1 M NaOH and 1 N HCl, respectively. Fluorescence microscopy
images of emulsions inverted from (b) Emulsion-2 and (c) Emulsion-3, respectively
(scale bar = 500 μm).
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The W/O emulsion made with (Sty/AA) Janus particles in deionized water presents
another unique aspect because it does not conform to the so-called Bancroft or Finkle
rules, which state that the continuous phase of an emulsion is the one in which the
emulsifier is preferentially solubilized (Bancroft) or dispersed (Finkle).11 Using the pHresponsiveness and amphiphilicity-reversing properties of the (Sty/AA) Janus particles, it
is possible to generate emulsions that both follow (pH 11.0) and violate (deionized water)
these empirical rules. Interestingly, such behaviors have also been observed in Pickering
emulsions stabilized with homogenous particles with proper choice of aqueous and oil
phases.133,134
The fact that the type of emulsions generated with (Sty/AA) Janus particles is controlled
by the pH of the aqueous phase strongly suggests that one type of emulsion generated
under one condition can be inverted into the other type simply by changing the solution
pH. Phase inversion emulsification triggered by an external stimulus (also known as
transitional phase inversion emulsification) is an important process by which emulsions
with highly viscous dispersed phases can be generated and requires changes in the HLB
as well as the shape of stimuli-responsive surfactants or the wettability of homogenous
particles that stabilize the original emulsions.104,135-138 We demonstrate the transitional
phase inversion of emulsions stabilized with (Sty50/AA50) Janus particles by adding a
small amount of highly concentrated basic and acid solution (~ 20 μL of 1.0 M NaOH
and 1.0 N HCl, respectively) into 6 ml of W/O and O/W emulsions originally generated
with DI water and pH 11.0 (Emulsion-2 and Emulsion-3 in Figure 3.8), respectively.
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Upon vigorous mixing, the Emulsions-2 and -3 become O/W and W/O emulsions,
respectively (Figure 3.10); that is, the types of final emulsions are inverted and opposite
of the starting emulsions in both cases. By changing the shape of the AA-rich side and
relative size of styrene- and AA-rich sides, the amphiphilicity of these particles reverses
in response to changes in solution pH, which eventually leads to the phase inversion of
the emulsions. We believe this is the first demonstration of transitional phase inversion of
Pickering emulsions stabilized with Janus particles, which is facilitated by the dynamic
tunability of the shape as well as the reversible amphiphilicity of the pH-responsive
(Sty/AA) Janus particles.

3.3.4 Controlling the interactions between Pickering emulsion droplets
Interactions between emulsion droplets have an important effect on the rheological
properties of emulsions139,140, which in turn change the properties of emulsion-based
products such as shelf stability and sensorial properties.135 Thus, emulsifiers that enable
the control over the interactions between emulsion droplets without causing
destabilization are highly desirable. The pH-dependent aggregation/dispersion behavior
of (Sty50/AA50) Janus particles in the bulk aqueous phase, as seen in Figure 3.6 (a),
suggests that the interactions of Pickering droplets stabilized with these particles could
also depend on the pH of the solution. To test this hypothesis, we generate oil-in-water
(O/W) emulsions at pH 2.2 or pH 11.0 and study the interactions between Pickering
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emulsion droplets. Unlike the above case when the oil:water ratio was kept 50:50, by
decreasing the volume fraction of oil significantly (oil:water = 20:80), O/W emulsions
can be generated regardless of the pH of the aqueous phase.

Figure 3.11 Microscope images of toluene-in-water emulsions made with (Sty50/AA50)
Janus particles dispersed in (a) pH 2.2 and (b) pH 11.0 aqueous solutions. The volume
ratio of oil to water is 20:80 (scale bar = 200 μm).
The difference in the interactions between emulsions under acidic and basic conditions
can be indirectly observed by the morphology of emulsion droplets. O/W emulsion
generated at pH 2.2 shows droplets that are aggregated to form clusters as shown in
Figure 3.11 (a). In contrast, when the pH of the emulsion is switched to pH 11.0, the
droplets become well-separated as shown in Figure 3.11 (b), indicating repulsive
interactions.
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Figure 3.12 Microscope images of toluene-in-water emulsion stabilized by (Sty50/AA50)
Janus particles made at (a) pH 2.2 and (b) pH 11.0 flowing inside a glass capillary
microchannel. (c) Attractive toluene-in-water emulsion made at pH 2.2 that are stuck to
the microchannel being washed away by a pH 11.0 aqueous solution. (scale bar = 500
μm).
The tunable interactions between Pickering emulsions stabilized with (Sty50/AA50)
Janus particles can be more clearly demonstrated by observing the flow behavior of these
emulsions under different pH conditions. When an emulsion prepared at pH 2.2 flow
across a microchannel made of glass (1 × 1 mm2 square cross-section), droplets stick to
the glass surface and to each other as they flow in the channel as shown in Figure 3.12 (a).
Droplets also move in clusters rather than as individual droplets, strongly indicating that
these emulsion droplets interact attractively and are very adhesive. Emulsion droplets
prepared at pH 11.0, however, do not stick to the channel wall and flow freely in the
channel as single droplets as shown in Figure 3.12 (b), indicating that these emulsion
droplets are repulsive. When an emulsion is introduced in the channel at pH 2.2 initially
and then the pH of the continuous phase is changed to pH 11.0, the emulsion droplets that
are originally stuck to the glass channel surface and to each other suddenly become
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individually dispersed and flow freely down the channel as shown in Figure 3.12 (c).
Again these results clearly demonstrate that the interactions between emulsion droplets
can be readily tuned by changing the solution condition without destabilizing the
emulsion.

3.4 Conclusions
In this chapter, we have presented a bulk synthesis scheme for generating highly uniform
pH-responsive Janus particles. These Janus particles not only drastically change their
shape but also completely reverse their amphiphilicity in response to changes in the
solution pH. These pH-sensitive changes of shape are analogous to the changes that are
observed in pH-responsive amphiphilic molecules; that is, the packing geometry and
amphiphilicity of these Janus particles are dynamically tunable using solution pH as
environmental stimuli. We demonstrate that the type of emulsions generated using these
amphiphilicity-reversing and shape-tunable Janus particles depends strongly on the
acidity/basicity of the aqueous phase and that emulsions can be inverted to the opposite
types by either lowering or raising the pH of the aqueous phases. The pH-dependent
aggregation/dispersion behavior of our Janus particles are utilized to generated both
attractive and repulsive emulsions at low and high pH conditions, respectively.
Furthermore, attractive and repulsive interactions between emulsion droplets can be
controlled on demand by changing the pH of continuous phase. Our findings offer a new
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class of dynamically tunable colloidal materials that would widen the functionality and
applications of Janus particles as solid surfactants. In particular, the ability to enable
phase inversion opens up new possibilities in generating emulsions and particles that are
not readily obtainable using traditional emulsion formation processes.141 Also
dynamically tunable interactions between Janus particle-stabilized emulsions could lead
to new applications in pH-responsive complex fluids that can drastically change their
rheological properties.
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Chapter 4. One-Step Encapsulation and Triggered
Release Based on Janus Particle-Stabilized Multiple
Emulsions
Reprinted (adapted) with permission from Tu, F. and Lee, D. One-Step Encapsulation and Triggered
Release Based on Janus Particle-Stabilized Multiple Emulsions Chemical Communications 2014, 50,
15549-15552. Copyright © 2014 Royal Society of Chemistry.

4.1 Introduction
Multiple emulsions are hierarchical multiphasic systems in which dispersed droplets of
one liquid contain smaller droplets of another liquid.142 The ability to carry cargos with
drastically different polarities and the possibility to induce the triggered release of
encapsulated actives make multiple emulsions extremely useful in various fields
including pharmaceuticals143, cosmetics144, agricultural145 and food industry.146 However,
the practical applications of multiple emulsions are impeded by the lack of simple
methods to prepare multiple emulsions with high stability. In most cases, multiple
emulsions are generated by two-step bulk emulsification using a combination of
lipophilic and hydrophilic surfactants.142,147 In addition to the complexity of
implementing two-step emulsification, the possibilities of disrupting the primary W/O
emulsion during the second emulsification step potentially pose a challenge in the
encapsulation of active ingredients.148 Depending on the combination of surfactants used
to generate multiple emulsions, different mechanisms may induce their destabilization
which in turn limits their practical applications.142,149 Although the preparation of stable
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multiple emulsions with good stability using one-step emulsification has been
demonstrated104,150-158, the combination of simple formulation, high stability and
triggered release functionality has proven to be extremely challenging to achieve because
high stability and triggered release are somewhat incompatible properties; that is, highly
stable multiple emulsions would not easily undergo destabilization to release the
encapsulated actives.
Amphiphilic Janus particles that have stimuli-responsive properties represent a promising
surfactant system to overcome these limitations. It has been shown that not only highly
stable emulsions can be generated with amphiphilic Janus particles, but also the
destabilization of emulsions can be achieved by using stimuli-responsive Janus particles
as emulsifiers.105,106,159-161 More importantly, our recent work has shown that inversion of
emulsion can also be achieved with stimuli-responsive Janus particles.162 However, all of
the studies that have shown emulsion stabilization using Janus particles have thus far
resulted in the formation of simple emulsions.105,106,159-161 The generation of Janus
particle-stabilized multiple emulsions could be especially beneficial since such emulsions
could be highly stable, providing a long term protection of the encapsulated species, and
at the same time allowing for the release of encapsulants when an external stimulus is
applied.
We are inspired by recent studies that have demonstrated the one-step generation of
multiple

emulsions

via

inversion

mechanisms

with

diblock

copolymer

surfactants.104,153,158 In this chapter, we demonstrate for the first time that highly stable
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multiple emulsions can be generated in one-step by using stimuli-responsive amphiphilic
Janus particles. We show that by changing the solution pH, we can induce the triggered
release of encapsulated hydrophilic species from these multiple emulsions. We
investigate the effect of various processing parameters on the formation of double
emulsions and the triggered release from Janus particle-stabilized double emulsions.

4.2 Experimental Section
4.2.1 Particle Synthesis
(Sty50/AA50) Janus particles are synthesized by seeded emulsion polymerization
followed by acid hydrolysis as reported previously.[162] Briefly, 20 wt% linear
polystyrene (LPS) dispersion is prepared by dispersing LPS particles in 1 wt% poly vinyl
alcohol (PVA, Mw 13,000-23,000, 87-89% hydrolyzed) aqueous solution. A 20 wt%
monomer emulsion is prepared by vortexing a mixture consisting of styrene, tert-butyl
acrylate (tBA, 98%), 1 vol% divinylbenzene (DVB, 55%) and 0.5 wt% initiator 2,2'Azobis(2.4-dimethyl valeronitrile) (V-65B) (Wako) with 1 wt% PVA aqueous solution.
LPS particles are swollen with the monomer mixture by mixing the LPS dispersion and
the monomer emulsion. The volume ratio of the LPS and the monomer mixture is 20:80.
The particle-monomer mixture is mounted on a rotator (Glas-Col®) and rotated for 8
hours at 60 rpm. Seeded emulsion polymerization is performed by tumbling the particlemonomer mixture in an oil bath at 70 °C at 100 rpm for 10 hours. After seed emulsion
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polymerization, the particles are washed with DI water for least 6 times by centrifugation
to remove PVA and unreacted monomer. The particles from seeded emulsion
polymerization are then stirred in an acid mixture consisting of 80 vol% trifluoroacetic
acid (TFA, 99%) and 20 vol% formic acid (FA, ≥95%) at 1200 rpm for 24 hours for
hydrolysis of tBA. The volume ratio of particles and acid mixture is 1:40. The hydrolyzed
particles are washed with DI water for 10 times by centrifugation.

4.2.2 Emulsion Stabilization and Triggered Release
The emulsions stabilized by Janus particles were prepared by homogenizing toluene and
Janus particle dispersion in aqueous solution using a homogenizer (Ultra-Turrax T25
basic) at 9500 rpm for 60 seconds unless otherwise noted. The total emulsion volume was
kept at 6 mL for all samples. The oil phase may contain 0.01 wt% nile red (technical
grade) and the water phase may contain 1.5×10-4 wt% calcein (Sigma) to facilitate the
characterization of emulsion. The agitation to multiple emulsion is done by tumbling the
glass vial containing the multiple emulsion with a tumbler (IKA RW16 basic) at 120 rpm
for 2 minutes. Triggered release is done by injecting 400 µL 1M NaOH solution into
multiple emulsion followed by agitation. Evolution of multiple emulsions during
increasing pH is done by injecting multiple emulsion into a petri dish (containing 9 mL
deionized water) covered with a glass slide and 1 mL 1M NaOH to increase the pH.
Snapshots are taken using an upright microscope (Zeiss).
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4.3 Results and Discussions
4.3.1 Phase Diagram of (Sty50/AA50) Janus Particle-stabilized Emulsions
Emulsions we study in this work are stabilized with stimuli-responsive Janus particles
that drastically switch their surfactant properties in response to changes in the solution
pH as shown in Figure 4.1. Each Janus particle comprises rough apolar and smooth polar
regions that are rich in styrene (Sty) and in acrylic acid (AA), respectively; we call this
particle (Sty50/AA50) Janus.162 We have shown that emulsions stabilized with these
Janus particles undergo phase inversion from oil (toluene)-in-water to water-in-oil
(toluene) emulsions (or vice versa) by simply changing the solution pH while keeping the
volume fraction of the oil phase constant (o = 0.5).162

Figure 4.1 SEM image of (Sty50/AA50) Janus particles. The scale bar is 2 µm.
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Interestingly, in our attempt to induce the so-called catastrophic phase inversion163, in
which the volume fraction of the oil (toluene) phase ( o) is decreased while keeping the
solution condition (i.e., pH and ionic strength) constant, we observe that highly stable
water-in-oil-in-water (W/O/W) multiple emulsions are generated in one emulsification
step.

Figure 4.2 (a) Photo and (b) fluorescent microscopy images of emulsion stabilized by
0.5wt% (Sty50/AA50) Janus particles at pH5.0 with different volume fraction of oil
phase (o). The scale bar for fluorescent images is 200 µm.
Nine emulsions are generated with different volume fraction of oil phase ( o) as shown in
Figure 4.2 (a). The water phase has a pH of 5.0 and contains 0.5% (Sty50/AA50) Janus
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particles. The oil phase is toluene with 0.01wt% Nile Red. When o ≥ 0.5, emulsion type
is W/O emulsion as confirmed by fluorescent microscopy as shown in the second row of
Figure 4.2 (b). The red fluorescence of these emulsions is coming from the continuous
phase and dark droplets are observed indicating that these are W/O simple emulsions.
When o < 0.5, W/O/W multiple emulsions are formed. As shown in the first row of
Figure 4.2 (b), the continuous phase is dark indicating that water is continuous phase.
Red fluorescence is coming from the emulsion droplets with black spots indicating the
formation of W/O/W multiple emulsions. The stabilization of multiple emulsion is
achieved by the adsorption of Janus particles to both outer and inner oil-water interfaces.
Images of one multiple emulsion droplet taken at different focal planes are shown in
Figure 4.3; Janus particles adsorbed at the two oil-water interfaces can be clearly
observed. In the absence of Janus particles, no emulsions are stabilized.

Figure 4.3 Microscopy images of a multiple emulsion droplet showing Janus particles
adsorbed at both (a) outer and (b) inner oil-water interfaces.

85

Figure 4.4 SEM images of (a) intact and (b-d) broken multiple emulsion stabilized by
(Sty50/AA50) Janus particles. (c) and (d) are taken from the red and blue dashed areas in
(b) and (c), respectively. The scale bars are 20 µm for (a) and (b), 5 µm for (c) and 2 µm
for (d).
We modify a previously reported gel trapping method to directly visualize the orientation
of Janus particles at the two oil-water interfaces of multiple emulsions. The SEM samples
are prepared by emulsifying chloroform containing 5 wt% linear polystyrene (Mw=45k)
together with deionied water containing 0.5wt% (Sty50/AA50) Janus particles. The
volume fraction of oil phase is 0.2. The multiple emulsions solidified by evaporating
86

chloroform, which traps Janus particles at the oil-water interfaces. As shown in Figure
4.4 (a), the outer interface is densely covered with Janus particles. Samples in Figure 4.4
(b-d) are prepared by breaking the solidified multiple emulsions between two glass slides.
As shown in Figure 4.4 (b-d), we can clearly see that Janus particles are adsorbed on both
the inner and outer interfaces of the multiple emulsion. As shown in Figure 4.1, the
smooth side of (Sty50/AA50) Janus particles is rich in acrylic acid and thus is
hydrophilic.1 The exposed sides of Janus particles adsorbed at the both inner and outer
interfaces of multiple emulsion shown in Figure 4.4 (d) has very smooth surfaces,
indicating that the exposed sides are rich in acrylic acid, which is the hydrophilic side of
(Sty50/AA50) Janus particles. These results clearly demonstrate that the Janus particles
adopt the so-called upright orientation (i.e., each side is exposed to the preferred fluid
phase) at the surface.
Although the generation of W/O/W multiple emulsions during catastrophic phase
inversion have been well-documented164, such W/O/W multiple emulsions are found to
be transient or extremely unstable. In stark contrast, our W/O/W multiple emulsions
stabilized by (Sty50/AA50) Janus particles are not temporary emulsions. To demonstrate
the stability of multiple emulsions stabilized by (Sty50/AA50) Janus particles, we take
photos and microscopy images of a multiple emulsion two hours and more than three
months after preparation. Figure 4.5 (a), (b) and (c) are taken on June 10th 2014. Figure
4.5 (d), (e) and (f) are taken on September 27th 2014. Comparing Figure 4.5 (a) and (d),
no macroscopic changes can be observed. Comparing Figure 4.5 (c) and (f), multiple
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emulsion droplets contain large number of aqueous inner droplets that show green
fluorescence (calcein) after 3 months of storage. These observations indicate that the
multiple emulsions remain stable for at least three months.

Figure 4.5 Photos and Microscopy images of multiple emulsion (a-c) two hours and (d-f)
more than three months after emulsification. Multiple emulsions are made from 1 wt%
(Sty50/AA50) Janus particle dispersed in deionized water and toluene with o = 0.4.
1.5×10-4 wt% calcein added in the water phase. The scale bar is 500 µm.
To determine conditions that lead to the generation of such highly stable multiple W/O/W
emulsions, we study the effect of the solution pH of the water phase and the volume
fraction of oil phase (o) on the type of emulsion generated using (Sty50/AA50) Janus
particles. As shown in Figure 4.6 (c), the effects of these two parameters can be
summarized as a phase diagram, which can be divided into four regions. When the pH of
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the water phase is 11, the preferred emulsion type is O/W emulsion because the
hydrophilic acrylic acid-rich (AA-rich) side is larger than the hydrophobic styrene-rich
(Sty-rich) side, giving Janus particle more hydrophilic characteristics due to the
ionization of the AA-rich side.162 The upper left region where pH = 11 and o ≤ 0.5
represents simple O/W emulsions. However, when o > 0.5, stable emulsions cannot be
generated and these mixtures separate into two macroscopic oil and water phases in less
than one minute after homogenization. When the pH of the water phase is lower than 11,
the preferred emulsion type is W/O emulsion because (Sty50/AA50) Janus particle
behaviours are dominated by their lipophilic characteristics due to the protonation of the
AA-rich side.162 At pH < 11, simple W/O emulsions are generated when o ≥ 0.5. These
simple W/O emulsions are transformed to W/O/W multiple emulsions by decreasing the
oil fraction o below 0.5. This one-step emulsification method is advantageous over
traditional two-step emulsification method because it greatly simplifies the process for
the preparation of multiple emulsions and prevents the possible loss of encapsulated
species during the second emulsification process involved in the conventional two-step
method.
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Figure 4.6 Fluorescent microscopy images of emulsion stabilized by 0.5wt%
(Sty50/AA50) Janus particles at pH5.0 with volume fraction of oil phase ( o) equal to (a)
0.3 and (b) 0.5, respectively. The scale bar for fluorescent images is 200 µm. (c) Phase
diagram of emulsion made with (Sty50/AA50) Janus particles as a function of both pH of
water phase and volume fraction of oil phase (o).
It has been proposed that catastrophic phase inversion is induced by increasing the
effective volume fraction of the dispersed phase.165 The effective volume fraction of the
dispersed phase is increased by the inclusion of the continuous phase into the droplets of
dispersed phase with prolonged emulsification; that is, the effective volume fraction of
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the continuous phase decreases.165 This idea indicates that the time of emulsification is
important in achieving catastrophic phase inversion. To test this idea, we monitor the
evolution of emulsions as a function of emulsification time. The volume fraction of oil
phase o is kept constant at 0.4. Based on the phase diagram in Figure 4.6, this
composition should give a W/O/W multiple emulsion. When the time of emulsification is
less than 20 seconds, however, W/O simple emulsions are observed as shown in Figure
4.7, which is evident from the sedimentation of the emulsion phase and the red
fluorescence coming from the continuous phase. When the time of emulsification is
increased above 25 seconds, W/O/W multiple emulsion are generated, which can be seen
by the emulsion phase creaming to the top and the red fluorescence coming from the
dispersed phase. These observations are in agreement with the phase diagram in Figure
4.6 (c). The observed phenomena indicate that at the very early stage of emulsification,
the type of emulsion generated is dominated by the intrinsic properties of (Sty50/AA50)
Janus particles - shape and amphiphilicity - rather than the composition of the two-phase
mixture. As the time of emulsification increases, W/O emulsion suddenly inverts to
W/O/W multiple emulsion which is consistent with the inclusion mechanism. Previous
studies have observed similar phenomena that lead to the formation of W/O/W double
emulsions.13 The exact pathway by which W/O emulsions inverts into W/O/W emulsions,
however, is not fully understood and warrants future investigation. We believe the reason
W/O/W multiple emulsions generated with (Sty50/AA50) Janus particles are highly
stable unlike those generated during phase inversion of common surfactant-stabilized
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emulsions is due to their tendency to attach strongly and remain at the fluid interfaces,
unlike molecular surfactants that easily desorb. In fact, studies have shown that the
detachment energy of Janus particles from fluid-fluid interfaces is several orders of
magnitude greater than thermal energy, kBT.59,63,86

Figure 4.7 (a) Photo and (b-f) fluorescence microscopy images of emulsions made with
different time of emulsification: (b) 5, (c) 10, (d) 20, (e) 25 and (f) 30 seconds,
respectively. Each glass vial is labelled with time of emulsification. Emulsions are made
with o = 0.4. Water phase consists of deionized water and 0.5 wt% Janus particles. The
scale bars for fluorescent images are 500 µm.
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4.3.2 One-step Encapsulation by Janus Particle-stabilized Multiple Emulsion

Figure 4.8 Schematic illustration of parameters for the calculation of packing fraction
and encapsulation fraction.
The one-step generation of W/O/W multiple emulsions represents an excellent
encapsulation technique because these emulsions can carry and protect hydrophilic
species in the aqueous inner droplets, which is important in a number of applications.
Although a few studies on preparation of multiple emulsions by one-step emulsification
with only one emulsifier have been reported, little is known about how various
parameters affect the encapsulation process. To determine how encapsulation is affected
by the solution conditions, we carry out a systematic study on the effect of several
important parameters on the encapsulation fraction of these Janus particle-stabilized
multiple emulsion. The encapsulation fraction () is defined as the volume ratio of
encapsulated water phase and the original water phase before emulsification, thus should
have a formula as shown in Equation (4-1)
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=

Vencap
VW0

(4-1)

where Vencap and V0W represent the volume of encapsulated water phase and original water
phase, respectively. Because Vencap=VMEP-VO, therefore we rewrite Equation (4-1) as
=

VME P  VO (4-2)
VW0

where VME and VO denote for the volume of multiple emulsion phase and oil phase,
respectively. P represents the packing fraction of emulsion droplets in emulsion phase.
Because the height is directly proportional to the volume in a cylindrical glass vial,
Equation (4-2) can also be written as
=

hME P  hO (4-3)
hW0

where hME, hO and h0W denote for the height of multiple emulsion phase, oil phase and
original water phase in a vial, respectively, as shown in Figure 4.8. The height of
different phases can be directly measured. The packing fraction of emulsion droplets
needs to be determined with simple emulsions as shown in Figure 4.8. The packing
fraction can be calculated as

P

hO
hSE

(4-4)

where hO and hSE denote for the heights of oil phase and simple emulsion phase,
respectively. The height of emulsion phase and that of water phase is related by
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hSE  22.5  hW (4-5) and
hME  22.5  hW (4-6)
Because the total volume of the liquid is fixed at 6 ml which corresponds to 22.5 mm in
height in the glass vial as shown in Figure 4.8. As shown in Table 4.1, the average
packing fraction P as determined using simple O/W emulsion at pH 11.0 is 0.67 which is
consistent with the packing of polydisperse spheres and emulsions.2

Table 4.1 Parameters obtained from O/W emulsion in Figure 4.9 (a) and packing fraction
calculated for each case.
VO/VW
hO (mm)
hW (mm)
hSE (mm)
P

10:90
2.25
19
3.5
0.64

20:80
4.5
16
6.5
0.69

30:70
6.75
12
10.5
0.64
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40:60
9
9
13.5
0.67

50:50
11.25
6
16.5
0.68

Figure 4.9 Emulsions made at (a) pH11.0 and (b) pH lower than 11.0 with different o
for calculating (a) packing parameter and (b) encapsulation fraction, respectively. In all
cases, particle concentration is kept as 0.5 wt%.
The encapsulation fraction is first determined as a function of volume fraction of oil
phase (o) and pH of water phase as shown in Figure 4.10 (a). The concentration of
(Sty50/AA50) Janus particles in water phase is kept constant at 0.5 wt%. For a given o,
the pH of water phase does not have a significant effect on the encapsulation fraction;
however, the encapsulation fraction is apparently higher at pH 2.2 than higher pH. This
apparent increase is probably because the packing fraction P is overestimated for
emulsion droplets at pH 2.2 resulting in a higher encapsulation fraction. We have shown
previously that emulsion droplets tend to aggregate and form clusters at pH 2.2 indicating
emulsion droplets have strong attractions between each other.162 Strong attractive
emulsion droplets are known to form loosely packed flocculates in the emulsion phase.146
For a given pH, the encapsulation fraction decreases with increasing o. At pH 7.0, for
example, the encapsulation fraction is increased by more than a factor of two by
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decreasing the volume fraction of oil from 0.4 to 0.1. This enhancement is probably
because the volume fraction of particles in the total mixture is decreasing with increasing

o. With a larger amount of particles, more water phase is expected to be encapsulated.
To confirm this hypothesis, we study the effect of particle concentration on encapsulation
fraction by keeping the particle concentration and pH solution at o = 0.4 and pH 7.0,
respectively. As shown in Figure 4.10 (b), the encapsulation fraction increases by more
than 10 folds from 3% to 33% as particle concentration increases from 0.5% to 3%,
which indicates that particle concentration is indeed a critical parameter affecting the
encapsulation process.

Figure 4.10 (a) Encapsulation fraction as a function of o and pH of water phases.
Particle concentration is kept at 0.5 wt%. (b) Encapsulation fraction as a function of
particle concentration. o and pH are kept 0.4 and 7.0, respectively.
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4.3.3 Triggered Release
Triggered release from multiple emulsions is highly desirable for various applications
that require the protection of active species under “normal” conditions and the release of
the actives upon significant changes in the environment. As discussed above, one-step
formation of stable multiple emulsions and the triggered release of encapsulants may
seem incompatible and contradictory properties since triggered release requires the
destabilization of multiple emulsions. The phase diagram in Figure 4.6 (c), however,
provides us with a clear roadmap to overcome such a limitation. Triggered release from
double emulsions should be possible by simply increasing the solution pH. We directly
observe a triggered release process by monitoring the changes in the morphology of the
same W/O/W multiple emulsion droplet upon pH increase and take images of it at
different time.
Two significant changes are observed during the release of the inner water droplets as
shown in Figure 4.11 (a). The number of inner droplets decreases significantly, indicating
effective release of the inner droplets. The destabilization of inner water droplets is likely
due to the swelling of the AA-rich side of (Sty50/AA50) Janus particles, which make
them favor the interface of O/W emulsion rather than that of the inner W/O interface.
Thus the inner droplets become unstable and undergo coalescence with each other and
with the continuous phase. More interestingly, the outer O/W interface undergoes drastic
changes in its appearance, and, at the end of these changes, a thick layer of particles
covering the droplet surface is observed. Two factors are likely to be responsible for
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these observed changes. The change in the shape of the Janus particle leads to an
increased packing fraction of the particles and stronger lateral repulsion at the interface,
which could push some particles out of the interface. In addition, as the inner aqueous
droplets are expelled from the oil droplet, Janus particles that were covering the inner
droplets accumulate at the outer O/W interface. Both of these factors lead to the
formation of multilayers of Janus particles at the O/W interface. Results shown in Figure
4.11 (a) clearly suggest that when the pH of the continuous phase is raised, hydroxide
ions (OH-) are able to transport through the oil phase of W/O/W multiple emulsions to
induce the destabilization of the inner aqueous droplets. To facilitate and accelerate this
transport process and thus the subsequent release of the inner drops, we apply a gentle
agitation by tumbling the vial containing a W/O/W multiple emulsion ( o = 0.4 and 1
wt% (Sty50/AA50)) at 120 rpm for 2 min. We add a fluorescent dye, calcein, in the
aqueous phase as a model encapsulant. As shown in Figure 4.11 (b), the boundary
between emulsion phase and water phase is the same for multiple emulsions before and
after agitation when no changes in the pH of the solution are induced. Fluorescent
microscopy images of these two multiple emulsions also do not show significant
difference as shown in Figure 4.11 (c) and (d). When the solution pH of the multiple
emulsion is raised by adding a small volume (400 μL) of 1.0 M NaOH, we observe a
drastic increase in the height of the water phase indicating release of aqueous inner
droplets from the multiple emulsion (Figure 4.11 (b)). In addition, fluorescence
microscopy images shown in Figure 4.11 (c) and (e) also show clear difference between
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emulsions before and after pH increase; most of the inner droplets have disappeared
leaving a small number of tiny water droplets in the oil phase, regardless of the size of
multiple emulsion droplets. In fact, we estimate that more than 90 vol% of the
encapsulated water phase has been released, indeed confirming that mild agitation can
drastically accelerate the triggered release from Janus particle-stabilized multiple
emulsions.

Figure 4.11 (a) Microscopy images of evolution of a multiple emulsion drop upon pH
increase. Multiple emulsions are made from 0.5 wt% (Sty50/AA50) Janus particle
dispersed in pH2.2 water and toluene with o = 0.2. (b) Photo and microscopy images of
(c) as-prepared multiple emulsion, (d) multiple emulsion with tumble only and (e)
multiple emulsion tumbled with increasing pH. Multiple emulsions are made from 1 wt%
(Sty50/AA50) Janus particle dispersed in deionized water and toluene with o = 0.4.
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1.5×10-4 wt% calcein added in the water phase. The scale bar is 200 µm for (a) and 500
µm for (c), (d) and (e).

4.4 Conclusions
In conclusion, we have demonstrated that highly stable W/O/W multiple emulsions can
be generated with Janus particles via one-step emulsification, enabling the one-step
encapsulation of hydrophilic species in multiple emulsions. More importantly, increasing
the solution pH triggers the destabilization of aqueous compartments and subsequent
release of encapsulants from these multiple emulsions. Our study is a powerful
demonstration of the versatility of Janus particles as solid surfactants. It shows that
indeed Janus particles can exhibit functionalities that are not easily realized using
conventional molecular surfactants. Since these pH-responsive Janus particles can be
generated in large quantities, we believe these Janus particles have significant potential in
impacting a number of areas that require stable double emulsion products that can release
actives upon changes in the local environment. We believe microscale studies that would
uncover how these Janus particles stabilize inner water/oil and outer oil/water fluid
interfaces and subsequently induce triggered release upon pH change would lead to
deeper understanding on the mechanism of one-step formation of multiple emulsions and
triggered release of encapsulants.
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Chapter 5. Synthesis of Janus Particles with Pure
Compartments and Anisotropic Particles

5.1 Introduction
During the past two decades, we have witnessed a great effort of using Janus particles in
both fundamental studies and practical applications.18 Unlike homogeneous particles,
Janus particles have anisotropic interactions with the environment and themselves, thus
they can assemble into novel structures such as chain structure and tube structure, which
are seldome observed with homogeneous particles.166 One example is that colloidal fibers
made of Janus ellipsoids have shape-memory properties that can be actuated on
application of an external alternating-current electric field.167 Janus particles are also used
as nano-/micro motor which are able to self-propell in solution or at interfaces. A major
goal is to mimic biological functions and develop vehicles for cargo transport and
delivery application.168 The asymmetric catalytic properties on the two sides of Janus
particles induce non-equilibrium distribution of matter such as gaseous bubbles
propelling the particles forward.169 Another interesting application of Janus particles with
different catalytic properties is to use them as interfacial catalyst with phase selectivity. A
recent study showed that Janus particles with catalyst only on the hydrophobic face had
better phase selectivity than the particles with catalyst on both sides. Such phaseselectivity is especially important for bio-fuel refining processes involving numerous
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reactions where phase-selectivity is crucial to achieve high yield and to avoid competing
reactions from hampering product formation. They have also described the advantages of
using Janus particles as “interfacial catalyst emulsifiers”, such as high conversion
because of high interfacial area and easy separation of the catalyst and reaction product.20
All the interesting properties and applications of Janus particles reported relies on the
distinct properties on the two sides of the particles, thus methods for producing such
particles is imperative. In Chapter 3, we introduced a bulk synthesis method for making
uniform amphiphilic Janus particles with a styrene-rich and an acrylic acid-rich domes as
the hydrophobic and the hydrophilic side, respectively. These Janus particles are
promising for making particles with anisotropic optic, magnetic and catalytic properties
because studies have shown that microgels with acrylic acid can be used as nano-reactor
for synthesizing various nanoparticles including metal, metal oxide and semiconductor.170,171 However, the Janus particles synthesized using our method do not have
pure compartments. That is, there is some amount of acrylic acid and styrene existing in
the hydrophobic and hydrophilic side, respectively. Thus it is likely that the distribution
of nanoparticles in the Janus particles will not be asymmetric. To overcome this problem,
synthesis methods that can produce Janus particles with pure compartments are highly
desirable.
In this chapter, a modified method is developed to generate Janus particles with pure
hydrophobic and hydrophilic compartments by investigating the effect of several
parameters of the synthesis scheme of Chapter 3 on the final morphologies of Janus
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particles. Surfactants and the type of monomer used during the synthesis are found to be
of critical importance. The newly developed synthesis method also allows us to generate
highly uniform anisotropic particles in a large quantity.

5.2 Experimental Section
5.2.1 Synthesis of Particles
Particles are synthesized by seeded emulsion polymerization followed by acid hydrolysis.
The monodisperse seed particles composed of linear polystyrene (LPS) are synthesized
by dispersion polymerization. First, 0.03 gram polyvinylpyrrolidone (PVP, Mw ~ 55,000)
is dissolved in 75 ml isopropyl alcohol (IPA, 99.9%) in a 100 ml flask. Then 9 ml
deionized (DI) water containing 0.02 gram ammonium persulfate (APS, 98%) as initiator
is added to the flask followed by adding 6.6 ml styrene (≥99%). After the flask is sealed
with a rubber stopper and Teflon® tape, the mixture is well mixed by shaking the flask
for 60 seconds. Subsequently the mixture is purged with nitrogen for 5 minutes. The flask
is mounted onto a tumbler (IKA® RW16 basic) and immersed in oil bath at 70 °C. The
flask is tumbled at 100 revolutions per minute (rpm) for 24 hours for polymerization.
After polymerization, the particles are washed four times with DI water using
centrifugation. 20 wt% LPS dispersion is prepared by dispersing LPS particles in either 1
wt% poly vinyl alcohol (PVA, Mw 13,000-23,000, 87-89% hydrolyzed) aqueous solution
or 0.4 wt% sodium dodecyl sulfate (SDS) aqueous solution. A monomer emulsion is
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prepared by vortexing a mixture consisting of either styrene or toluene, either tert-butyl
acrylate (tBA, 98%) or tert-butyl methacrylate (tBMA), with or without 1 vol% divinyl
benzene (DVB, 55%) and 0.5 wt% initiator 2,2'-Azobis(2.4-dimethyl valeronitrile) (V65B) (Wako) with either 1 wt% PVA aqueous solution or 0.4 wt% SDS aqueous solution.
LPS particles are swollen with the monomer mixture by mixing the LPS dispersion and
the monomer emulsion. The particle-monomer mixture is mounted on a rotator (GlasCol®) and rotated for 8 hours at 60 rpm. Seeded emulsion polymerization is performed
by tumbling the particle-monomer mixture in an oil bath at 70 °C at 100 rpm for 10 hours.
If the particles are prepared with toluene in the monomer mixture, these particles are
placed in a water bath of 50 °C overnight to evaporate the toluene after seed emulsion
polymerization. If there is no toluene in the monomer mixture, no evaporation is needed.
Then particles are washed with DI water for least 6 times by centrifugation to remove
surfactants and unreacted monomer. The particles from seeded emulsion polymerization
are then stirred in an acid mixture consisting of 80 vol% trifluoroacetic acid (TFA, 99%)
and 20 vol% formic acid (FA, ≥95%) at 1200 rpm for 24 hours for hydrolysis of tBA.
The volume ratio of particles and acid mixture is 1:40. The hydrolyzed particles are
washed with DI water for at leaset 6 times by centrifugation.
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5.3 Results and Discussions
The main reason for the presence of some amount of styrene and acrylic acid in acrylic
acid-rich side and styrene-rich side of Janus particles, respectively, discussed in the
previous two chapters is that the monomer mixture consists of both styrene and tert-butyl
acrylate (tBA). The polymer chain produced during seeded emulsion polymerization is a
copolymer network of both styrene and tBA which could have considerable miscibility
with the linear polystyrene (LPS) seed particles. In order to synthesize a pure polymer
network of poly tert-butyl acrylate (PtBA) during seeded emulsion polymerization, we
replace styrene with toluene because toluene is non-polymerizable and can be removed
by evaporation after polymerization of tBA. There is a significant change in the
morphology of Janus particle when we switch from styrene to toluene as shown in Figure
5.1. With monomer mixture containing toluene, the polymer network is pure polyacrylic
acid (PAA) after hydrolysis. Thus it shrinks significantly after removal of water losing its
structure integrity and hides in the center of a PS hemispherical particle as shown in
Figure 5.1 (a). Janus particles synthesized with monomer mixture containing styrene
remains almost spherical after removal of water as shown in Figure 5.1 (b). This is
probably because the polymer network synthesized from the monomer mixture contains
considerable amount of styrene in it whose polymer has a much higher glass transition
temperature, which helps the Janus particles to maintain their structure. However, using
toluene instead of styrene does not seem to promote complete phase separation as
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indicated by the dimples on the PS hemisphere as shown in Figure 5.1 (a) which might be
micro-phase separated domains of PAA.

Figure 5.1 Scanning electron microscopy images of Janus particles synthesized with
monomer mixture containing (a) toluene and (b) styrene. The monomer mixture consists
of 50 vol% of either toluene or styrene and 1 vol% divinyl benzene as cross-linker. The
rest monomer is tBA. LPS dispersion and monomer emulsion are prepared with 1 wt%
PVA aqueous solution. The volume ratio between monomer mixture and LPS is 4:1. The
scale is 1 µm.
Another reason for this incomplete phase separation could be the presence of 1 vol%
cross-linker, divinyl benzene (DVB) because cross-linked polymer network will greatly
reduce the mobility of polymer chain thus retarding the phase separation. Therefore, we
remove DVB from the monomer mixture and still use toluene instead of styrene in the
monomer mixture. After hydrolysis, however, the only remaining part is the PS dome as
shown in Figure 5.2. This is interesting but not surprising because, without the crosslinker, what is synthesized during the seeded emulsion polymerization is linear PtBA
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which is converted to linear PAA after hydrolysis. Linear PAA is highly soluble in water
thus they are washed away during the washing step after hydrolysis as shown by the
schematic in Figure 5.3. The remaining PS dome, however, still has several dimples on it
indicating incomplete phase separation even if there is no cross-linker added during the
synthesis. Therefore, the amount of cross-linker used in our synthesis might not be the
main factor for the incomplete phase separation.

Figure 5.2 The scanning electron microscopy image of particles synthesized with a
monomer mixture containing toluene and tBA without cross-linker DVB. LPS dispersion
and monomer emulsion are prepared with 1 wt% PVA aqueous solution. The volume
ratio between monomer mixture and LPS is 4:1. The scale is 2 µm.
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Figure 5.3 Schematic of the procedure for synthesizing geometrically anisotropic
particles
Studies have shown that the type of surfactant is an important factor in controlling the
phase separation of two immiscible polymers inside a composite particle because such
phase separation is dominated by interfacial energy. Thus the minimization of interfacial
energy determines the equilibrium morphology of composite particles, which is given as

G    i Ai   0 A0 (5-1)
where i stands for the interfacial tension between the two polymers or between aqueous
phase and the two polymers, while and Ai represents the area of corresponding
interface.172 Sodium dodecyl sulfate (SDS) has been shown to be critical for moon-like
morphology particles formed by evaporating the organic solvent of a droplet containing
PS and polymethyl methacrylate (PMMA), because SDS is able to significantly reduce
the interfacial tensions between PS in toluene and aqueous phase (PS-T/W) and also
between PMMA in toluene and aqueous phase (PMMA-T/W) to a similar value (3~6
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mN/m).173 Thus we use SDS instead of PVA for preparing LPS dispersion and monomer
emulsion. Particles are synthesized with monomer mixture containing toluene with and
without cross-linker. Without cross-linker in the monomer mixture, the particles we get
after hydrolysis have smooth surface as shown in Figure 5.4 (a) which is an indication of
complete phase separation between PS and PtBA. No dimples are observed on the surface
of particles like particles synthesized with PVA aqueous solution as shown in Figure 5.2.
This is strong evidence that the type of surfactant has a significant effect on the phase
separation of two incompatible polymers confined in a droplet of a common solvent.
With cross-linker in the monomer mixture, we notice that PAA polymer network
converted from poly PtBA after acid hydrolysis collapses. Dimples on the hard PS domes
are still observed, however the depth of the dimples as shown in Figure 5.4 (b) are not as
significant as particles shown in Figure 5.1 (a), which we believe comes from the fact
that SDS is better than PVA at promoting complete phase separation.

Figure 5.4 Scanning electron microscopy images of particles synthesized with a
monomer mixture containing toluene and tBA (a) without and (b) with 1 vol % cross110

linker DVB. LPS dispersion and monomer emulsion are prepared with 0.4 wt% SDS
aqueous solution. The volume ratio between monomer mixture and LPS is 4:1. The scale
is 1 µm.
In addition to the type of surfactant, the glass transition temperature of the two polymers
also affects the extent of phase separation. It has been reported that composite particles
made of two polymers with higher glass transition temperature have more distinctive
phase separation.174 Therefore, we use tert-butyl methacrylate (tBMA) instead of tBA in
the monomer mixture for seeded emulsion polymerization because the addition of an
extra methyl group gives poly tert-butyl methacrylate (PtBMA) a higher glass transition
temperature than PtBA. Under the same condition for hydrolyzing PtBA, PtBMA can be
converted to poly methacrylic acid (PMAA) which is also one type of hydrogel materials.
As shown in Figure 5.5 (a), the use of tBMA does promote better phase separation as
indicated by the smooth surface of the hemisphere. Because of the evaporation of water,
PMAA hydrogel network shrinks and hide in the center of the hemisphere. When these
particles are dispersed in deionized water, we observe that these particles all have a dark
part and the other part is almost transparent under optic microscope as shown in Figure
5.5 (b). We believe the dark part is PS. The part that is almost transparent is PMAA
hydrogel network. Because the pKa of methacrylic acid (MAA) (~4.66) is lower than the
pH of deionized water (5~6), the PMAA hydrogel takes a fully swollen state with a lot of
water molecules inside which makes it almost transparent.
To demonstrate that better phase separation is achieved with toluene and tBMA as
monomer mixture and SDS aqueous solution, we dyed (Sty50/AA50) Janus particles in
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Chapter 3 and particles as shown in Figure 5.5 (a) with a hydrophobic fluorescent dye
Nile Red. This is done by placing a droplet of toluene containing 0.01 wt% Nile Red in
the particle dispersion with a volume ratio of 1:100 and heat the particle dispersion in a
closed glass vial at a water bath of 60 C for 24 hours. The particle concentration for both
particle dispersions is 1wt%. During heat, toluene carrying Nile Red will diffuse into the
particles and accumulate at PS domain. Then the cap of the glass vial is removed to
evaporate excess toluene. These dyed particles are imaged under a fluorescent
microscope. As shown in Figure 5.6, both particles show a strong red fluorescence on one
side. For (Sty50/AA50) Janus particles, the side that shows strong red fluorescence is the
styrene-rich side. For particles in shown Figure 5.5 (a), we believe the smooth PS side is
showing red fluorescence. There is also a big difference between these two types of
particles. For (Sty50/AA50) particles shown in Figure 5.6 (a), we are also able to see
weak red fluorescence on the opposite side of styrene-rich side. As we discussed before,
there is likely some amount of styrene existing in the acrylic acid-rich side thus Nile Red
could also accumulate at the PS domains within the acrylic-acid-rich side. The
fluorescent images in Figure 5.6 (a) clearly support our idea. However, particles in Figure
5.5 (a) only show fluorescence on one side and no fluorescence is observed as shown in
Figure 5.6 (b) on the other side. We even observe two particles whose fluorescent sides
separate from the side that does not show fluorescence as shown Figure 5.6 (b). These
observations all indicate complete phase separation is achieved in particles shown in
Figure 5.5. With the use of toluene and tBMA in the monomer mixture and SDS for
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preparing LPS dispersion and monomer emulsion, Janus particles with pure
compartments are synthesized.

Figure 5.5 (a) The scanning electron microscopy and (b) optic microscopy images of
Janus particles synthesized with a monomer mixture containing toluene (50 vol%), tBMA
and DVB (1 vol%) as cross-linker. LPS dispersion and monomer emulsion are prepared
with 0.4 wt% SDS aqueous solution. The volume ratio between monomer mixture and
LPS is 4:1. The scale in (a) and (b) are is 1 µm and 5 µm, respectively.
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Figure 5.6 Microscopy images and fluorescent images of (a) (Sty50/AA50) Janus
particles from Chapter 3 and (b) Janus particles shown in Figure 5.5. Particles are dyed
with a hydrophobic dye Nile Red. The scale bars are (a) 3 µm and (b) 10 µm,
respectively.
Another interesting finding is that, this synthesis scheme for making Janus particles can
be adapted to generate geometrically anisotropic particles in a large quantity. This can be
done by using monomer mixture without cross-linker so that polymer synthesized during
seeded emulsion polymerization is linear polymer. After hydrolysis, either PAA or
PMAA will be water soluble thus can be removed by washing with deionized water. The
remained PS dome will be the actual geometrically anisotropic particles. As shown in
Figure 5.4 (a), there are two types of anisotropic particles. One has an oblate like shape.
The other one has a disk-like shape. Previous studies have shown that the thermodynamic
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morphology of a composite particle consisting of two incompatible polymers should
adopt either core-shell or moon-like morphology.175 That means the oblate-like particles
are from composite particles with equilibrium morphology while the disk-like particles
are from composite particles with kinetic stable or meta-stable morphology.175 The main
reason for the appearance of kinetic stable morphology is high viscosity inside the
particle that prevents it from reaching equilibrium morphology.176 In order to generate
uniform anisotropic particles, we increase the volume of toluene used for preparing the
monomer mixture which will reduce the viscosity of the composite particle. The volume
ratio of LPS, tBA and toluene originally used is 1:2:2 therefore toluene consists of 40
vol%. We first use the volume ratio of LPS, tBA and toluene that is 1:2:27 so that toluene
content is 90 vol%. As shown in Figure 5.7 (a), the disk-like particles disappear and all
the particles are oblate-like indicating the reduced viscosity does help the composite
particles reach their equilibrium morphology. Then we also try another volume ratio of
LPS, tBA and toluene that is 1:1:18 so that the volume fraction of toluene is still 90
vol%. Due to the dcrease amount of tBA, the remaining anisotropic particles are almost
hemispherical as shown in Figure 5.7 (b) and they are all adopting only one shape which
resulted from equilibrium morphology. This also demonstrates the tunability of our
synthesis scheme for making uniform anisotropic particles in a large quantity.
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Figure 5.7 Scanning electron microscopy images of anisotropic particles synthesized
using (a) 1:2:27 and (b) 1:1:18 for the volume ratio of LPS, tBA and toluene. No DVB is
used in the monomer mixture. LPS dispersion and monomer emulsion are prepared with
0.4 wt% SDS aqueous solution. The scale is 1 µm.

5.4 Conclusions
By investigating the effect of cross-linker, monomer and surfactants on the morphology
of Janus particles using the method from Chapter 3, a synthesis scheme for making Janus
particles with pure hydrophilic and hydrophobic compartments are developed.
Surfactants and the type of monomer used during the synthesis are found to be of critical
importance. Based on the synthesis scheme developed here, a simple way of making
geometrically anisotropic particles in a large quantity is also found. The tunability of the
shape of these anisotropic particles is also demonstrated.
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Chapter 6. Conclusions and Outlook

6.1 Conclusions
In Chapter 1 of this dissertation, different types of emulsions and emulsifiers are
introduced. In addition, the stabilizing mechanism of different emulsifiers including
surfactants and colloidal particles are discussed. Janus particles are promising candidates
for emulsion stabilization. The following chapters are the theoretical and experimental
works done for demonstrating this idea.
Chapter 2 shows that the use of Janus dumbbells as emulsion stabilizers leads to the
formation of thermodynamically stable emulsions which is advantageous over kinetically
stable emulsion stabilized by surfactant molecules or homogeneous particles. For a given
volume fraction of Janus dumbbells in the mixture system of a given composition, there
exists thermodynamically preferred interfacial area, which can be achieved when all of
the Janus dumbbells in the system are adsorbed to the droplet interface and form closepacked monolayers. Furthermore, we examine the effect of asymmetry of dumbbells and
show that increasing the asymmetry of dumbbells increase the average droplet radius
when the volume fraction of Janus dumbbells is fixed, whereas the average droplet radius
decreases when the number of Janus dumbbells is kept constant. These theoretical results
will provide critical insights into the design and application of Janus dumbbells as colloid
surfactants to generate thermodynamically stable Pickering emulsion.
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Chapter 3 presents a bulk synthesis scheme for generating highly uniform pH-responsive
Janus particles. These Janus particles not only drastically change their shape but also
completely reverse their amphiphilicity in response to changes in the solution pH. It is
demonstrated that the type of emulsions generated using these amphiphilicity-reversing
and shape-tunable Janus particles depends strongly on the acidity/basicity of the aqueous
phase and that emulsions can be inverted to the opposite types by either lowering or
raising the pH of the aqueous phases. The phase inversion is attributed to the ability of
these Janus particles to change their shape and amphiphilicity in response to pH stimuli.
The pH-dependent aggregation/dispersion behavior of our Janus particles are utilized to
generated both attractive and repulsive emulsions at low and high pH conditions,
respectively. Furthermore, attractive and repulsive interactions between emulsion
droplets can be controlled on demand by changing the pH of continuous phase.
Chapter 4 demonstrates that highly stable W/O/W multiple emulsions can be generated
with Janus particles via one-step emulsification, enabling the one-step encapsulation of
hydrophilic species in multiple emulsions. Increasing the solution pH triggers the
destabilization of aqueous compartments and subsequent release of encapsulants from
these multiple emulsions, which is a powerful demonstration of the versatility of Janus
particles as solid surfactants.
Chapter 5 presents the development of a synthesis scheme for making Janus particles
with pure hydrophilic and hydrophobic compartments by investigating the effect of crosslinker, monomer and surfactants on the morphology of Janus particles using the method
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from Chapter 3. Surfactants and the type of monomer used during the synthesis are found
to be of critical importance. Based on the synthesis scheme developed, a simple way of
making geometrically anisotropic particles in a large quantity is also found, which also
offers good tunability.

6.2 Outlook for Future Research
6.2.1 Janus Particles with Positively Charged Hemisphere
The Janus particles synthesized using method developed in this Chapter 3 only generate
Janus particles with negatively charged hemisphere. This approach relies on the fact that
tert-butyl acrylate (tBA) is not miscible with water but is highly hydrophilic after
hydrolysis. After hydrolysis, tBA is converted to acrylic acid with a carboxylic acid
functional group which makes the hydrophilic part negatively charged. In order to widen
the toolbox of Janus particles for application, Janus particles with positively charged
hemisphere are also needed especially Janus particles with hemispheres that are
decorated with primary amine functional groups because primary amine is very easy for
other bio-conjugation reactions, which could widen the biomedical application of Janus
particles.

6.2.2 Janus Particles with Different Stimuli-responsive Properties
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Janus particles developed in this dissertation are pH-responsive. The pH-responsive
property comes from the presence of polymer network of weak acid: acrylic acid.
Emulsions stabilized by these Janus particles are also pH-responsive. There are many
applications in which other type of stimuli-responsive properties are desired. For example,
thermo-responsive emulsions that are stable at one temperature and unstable at another
temperature require Janus particles with thermo-responsive properties. Novel photoresponsive Janus particles will also find application in stabilizing smart emulsions.

6.2.3 Self-assembly of Janus particles
There have been various studies reported for using Janus particles as building blocks for
making new structure that are not observed with homogeneous particles due to the
anisotropic interactions between Janus particles. One of the most interesting selfassembly structure of surfactant molecules is micelles that have fix number of surfactant
molecules. The structure of micelle is mainly determined by the geometry or packing
parameter of surfactant molecules. Can Janus particles, as colloidal analogue of
surfactant molecules, also form micelles that only contain a fixed number of particles?
This will be a very interesting question to investigate, which could help us gain insight on
micelle formation and similarities and differences between Janus particles and surfactant
molecules.
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6.2.4 Janus Particles with Functional Nanoparticles
Polyelectrolyte network is a very good template for synthesizing functional nanoparticles.
It has been reported that microgels containing carboxylic acid groups are versatile
nanoreactor for growing metal, metal oxide and semi-conducting nanoparticles.170 Janus
particles developed in this dissertation has a polyacrylic acid network as the hydrophilic
side thus making these Janus particles suitable for nanoreactor for functional
nanoparticles. For example, Janus particles functionalized with magnetic iron oxide can
be used as building blocks to study the assembly structures under magnetic field. In
addition, emulsions stabilized by such Janus particles are magnetic responsive which will
allow us to manipulate the emulsions and recycle the Janus particles using magnetic
field.177 The Janus particles developed in this dissertation could also be used as micromotor if functionalized with nanoparticles having catalytic properties such as platinum.
Another promising application of Janus particles functionalized with catalyst is to use
them as “interfacial catalyst emulsifiers”. How this works is that the Janus particles not
only stabilize emulsion but also function as catalyst to catalyze reaction at the oil-water
interface. Because catalyst embedded in only one side of the Janus particles, they only
catalyze reactions in one phase reducing by-product due to unnecessary catalytic
reactions in the other phase, which could substantially increase the phase-selectivity of
the system.20
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APPENDIX
Controlling the Stability and Size of Double EmulsionTemplated Poly(lactic-co-glycolic)acid Microcapsules
Reprinted (adapted) with permission from Tu, F. and Lee, D. Controlling the Stability and Size of Double
Emulsion-Templated Poly(lactic-co-glycolic)acid Microcapsules Langmuir 2012, 28, 9944-9952.
Copyright © 2012 American Chemical Society.

A.1 Introduction
Hollow microcapsules encapsulating active ingredients such as drugs,178-187 genes,188-194
proteins195-200 and living cells201-211 inside a polymer shell are essential for targeted
delivery and sustained release applications.212-216 Hollow microcapsules made of PLGA
are ideal systems for numerous biomedical applications because of their excellent
biocompatibility

and

tunable

biodegradability.217-219

Conventionally,

PLGA

microcapsules are fabricated by a technique that involves double emulsification followed
by solvent evaporation/extraction.220,221 In this method, an aqueous solution containing
active ingredients is emulsified in a PLGA-containing organic solution to form water-inoil (W/O) emulsions. Subsequently, these W/O emulsion are emulsified in another
aqueous solution such as PVA or PVP solution to form water-in-oil-in-water (W/O/W)
double emulsions. To remove the organic solvent and form PLGA-shelled microcapsules,
the W/O/W emulsion is either kept in a reduced pressure or a large water reservoir to
accelerate the removal of the organic solvent.
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Although great progress in biomedical applications of PLGA microcapsules has been
achieved, the conventional method presents a number of challenges that limit the
utilization of these microcapsules. For example, the conventional double emulsification
method has a low encapsulation efficiency, which leads to a significant loss of
actives.222,223 In addition, these PLGA microcapsules are very polydisperse in size;
therefore, their properties can vary from batch to batch, making it difficult for subsequent
characterization and utilization. Furthermore, the shell of these PLGA microcapsules
tends to be highly porous, which is thought to be the main reason for the undesirable
burst release of encapsulated materials.224
Recent studies have shown that microfluidic techniques provide a versatile means to
generate microparticles and hollow microcapsules with high uniformity and
encapsulation efficiency.225-232 A microfluidic technique that is particularly useful for the
generation of hollow microcapsules relies on generating monodisperse water-in-oil-inwater (W/O/W) double emulsions, which are subsequently used to template microcapsule
formation. The ability to produce monodisperse droplets also enables precise
characterization and investigation of double emulsions and resulting microcapsules.233
This double emulsion template method is versatile because it allows the use of different
types of materials besides polymers to construct hollow microcapsules.226,227,230,234,235
Another important advantage of the microfluidic approach is that double emulsion
generation becomes a continuous process. This is a significant advantage over other
techniques that may be able to provide monodisperse microcapsules.
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Controlling the size of double emulsions while maintaining high stability and
encapsulation efficiency is essential for a variety of applications. Recent studies, however,
have shown that it is challenging to control the size of double emulsions and that of
resulting microcapsules over a wide range without changing the channel dimensions of
the microfluidic device or the properties of the fluids, such as viscosity, drastically.236 It
was found that a rather small window of flow rates exists, within which monodisperse
double emulsions can be consistently generated. Outside this window, single emulsions
or double emulsions with multiple inner drops are generated, making it difficult to control
the size of double emulsions while maintaining high encapsulation efficiency. Even if the
system is in the stable regime to generate monodisperse double emulsions, the possibility
of changing the dimension of double emulsions (e.g., radius of the inner droplets) by
tuning the flow rates was found to be rather limited.236 For example, it is extremely
difficult to generate double emulsions that would template microcapsules with inner
diameters of 10 and 100 μm using a single microfluidic device, even if the flow rates are
changed drastically. A new microfluidic device with appropriate dimensions would have
to be fabricated to generate a double emulsion of specific dimensions.233 Therefore, a
facile method to control the size of monodisperse double emulsions without the need to
fabricate a new microfluidic device with different channel dimensions would be highly
desirable.
The objectives of this study are two folds. We study the stability of PLGA-containing
double emulsions and find that the stability of PLGA double emulsions depends on the
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pH of the inner aqueous phase. We also demonstrate that the size of double emulsions
can be controlled within a wide range without utilizing multiple microfluidic devices. We
develop a method to control the size of double emulsions and the resulting microcapsules
using osmotic pressure difference between the inner and outer phases of the double
emulsions. Although osmotic pressure has been previously used to vary the size and
properties of double emulsions, its use has been limited to highly polydisperse
emulsions237-241, complicating the quantitative analysis of the process. The use of highly
monodisperse double emulsions from microfluidics enables quantitative analysis and
prediction of the size of double emulsions and resulting microcapsules.

More

importantly, this osmotic annealing technique overcomes a major drawback of
microfluidic techniques, which do not allow for variation in the size of double emulsions
and microcapsules over a wide range using a single microfluidic device. This technique
can also be used to concentrate the encapsulated species, which could potentially be
useful for encapsulating highly concentrated biomolecular solutions and colloidal
suspensions.

A.2 Experimental Section
A.2.1 Materials
Deionized water is generated from Barnstead NANOpure (Thermo Scientific). Esterterminated PLGA with composition 50:50 (Intrinsic Viscosity (ηi) = 0.41 dL g-1 in
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hexafluoroisopropanol (HFIP)), 65:35 (Intrinsic Viscosity (ηi) = 0.55-0.75 dL g-1 in
HFIP), 85:15 (Intrinsic Viscosity (ηi) = 0.66 dL g-1 in CHCl3) are purchased from Durect
Corp. Silica nanoparticles suspension (KE-E30) is obtained from Nippon Shokubai,
Japan. Polyvinyl alcohol (PVA, 87-89% hydrolyzed, average Mw = 13,000-23,000),
phosphate buffered saline (PBS) and calcein are purchased from Sigma-Aldrich.
Chloroform (CHCl3), tetrahydrofuran (THF), sodium chloride (NaCl), sodium sulfate
(Na2SO4), sodium sulfite (Na2SO3), sodium nitrate (NaNO3), sodium bicarbonate
(NaHCO3), sodium carbonate (Na2CO3), sodium hydroxide (NaOH), sodium phosphate
monobasic (NaH2PO4), sodium phosphate dibasic (Na2HPO4), potassium chloride (KCl)
and potassium phosphate dibasic (K2HPO4) are purchased from Fisher Scientific. Sodium
phosphate tribasic (Na3PO4) is purchased from Acros Organics. Alizarin Yellow R is
purchased from GFS Chemicals.

A.2.2 Double emulsion generation
Water-in-oil-in-water (W/O/W) double emulsions are generated using a glass capillary
microfluidic device, as described previously.242 To generate double emulsions, three
different fluid phases are injected into a microfluidic device by three syringe pumps
(PHD, Harvard Apparatus) with controlled flow rates. The outer phase is 2 wt% PVA
aqueous solution. The middle phase is 0.9 wt% PLGA in CHCl3. Different salt solutions
are used as the inner phase. To generate double emulsions containing a pH indicator dye,
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Alizarin Yellow R is dissolved in 0.01M and 1M NaOH solution with a concentration of
100 mg/L. These solutions are used as the inner phase. The middle phase is 0.9 wt%
PLGA (50:50) (mol % of lactide : mol % of glycolide) in CHCl3 and the outer phase is a
2 wt% PVA solution. The double emulsions generated using 0.01M NaOH and 1M
NaOH solutions as inner phases are collected in 1M NaCl and 0.01M NaCl solutions,
respectively, to prevent dilution of the inner phase due to the difference in osmotic
pressure between the inner phase and the solution used to collect the double emulsions.
These double emulsions are collected in small vials to compare the change in the color of
the inner droplets.

A.2.3 Stability of PLGA double emulsions
PLGA-containing double emulsions encapsulating aqueous solutions of different pH are
generated and collected in a petri dish with deionized water. PLGA with composition
(50:50), (65:35) and (85:15) are used. Solution pH is tuned by adding NaOH in deionized
water. The double emulsions are observed under an upright optical microscope as soon as
they are generated. A full set of images for one sample is taken in between 5 and 10
minutes after emulsion collection. All of the stable double emulsions become PLGA
microcapsules in around 2 hours during which the organic solvent in the middle phase is
completely evaporated or removed. The fraction of stable double emulsions is determined
by dividing the number of stable double emulsions by the total number of double
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emulsions collected. Stable double emulsions refer to double emulsions whose inner
aqueous droplets remain inside the middle phase until they become PLGA microcapsules.
Unstable double emulsions refer to double emulsions whose inner aqueous droplets
coalesce with the outer aqueous phase and become single oil-in-water droplets. Unstable
double emulsions that become single oil-in-water droplets do not undergo coalescence
with each other because they are stabilized by PVA (see Figure S1 in Supporting
Information). The total number of generated double emulsions is determined by counting
the number of stable double emulsions and that of single emulsions (unstable double
emulsions) in optical microscopy images. We analyze over 3200 double emulsions for
each data point to obtain the average and standard deviation.

A.2.4 Interfacial tension measurement
Interfacial tension between the oil phase (i.e., 0.9 wt% PLGA with three compositions in
CHCl3) and the aqueous phase (i.e., aqueous solution with different pH) is determined by
pendant drop tensiometry (Attension, Theta). The pH of the aqueous solution is tuned by
adding NaOH to the aqueous solution.

A.2.5 PLGA molecular weight determination

129

0.9 wt% PLGA in CHCl3 is mixed with 1M NaOH and PBS solution with volume ratios
of 3:0.6 and 3:1, respectively. The mixture is vigorously agitated using a vortex mixer
(Fisher Scientific). After vigorous mixing, 2ml of the oil phase is transferred to another
vial. The CHCl3 is removed by evaporation under vacuum. 11ml THF is added to the vial
to dissolve the solid residue. The vial is placed in a sonicator to help dissolve the PLGA.
PLGA in THF is used to determine the molecular weight of PLGA by gel permeation
chromatography (Waters) equipped with a refractive index detector.

A.2.6

Controlling the size of double emulsions and PLGA microcapsules using

osmotic annealing
Double emulsions are generated with 2 wt% PVA solution and 0.9 wt% PLGA (85:15) as
the outer phase and the middle phase, respectively. 0.1M NaCl solution with 5mM
Na2CO3 is used as the inner phase to shrink the inner droplet of double emulsions,
whereas 0.8M NaCl is used as the inner phase to swell the inner drops. Generated double
emulsions are collected in cuvettes filled with 0.1, 0.2, 0.4 and 0.8M NaCl solutions.
Upon collection of double emulsions, the cuvettes are capped with stoppers to suppress
the evaporation of CHCl3. After the inner droplets reach their equilibrium size, stoppers
are removed to allow fast evaporation of CHCl3. PLGA microcapsules are formed after
complete evaporation of CHCl3.
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A.2.7 Concentrating encapsulated species using osmotic annealing
NaH2PO4 and Na2HPO4 are added to deionized water with a mole ratio of 22.6 : 77.4 to
make 0.5mM phosphate buffered saline (PBS). Then a fluorescent dye, calcein, is added
to this 0.5mM PBS solution to make its concentration to be 0.1mg/L. This calceincontaining solution is used as the inner phase to generate double emulsions. Generated
double emulsions are collected in either 0.5mM PBS solution or 0.2M NaCl solution.
Both bright field and fluorescent images are taken after PLGA microcapsules are formed.
To encapsulate silica particles, the original silica nanoparticle suspension (concentration:
20 wt%) is centrifuged at 8000 RPM for 5 minutes. After the removal of supernatant,
deionized water is added and the sample is placed in a sonicator for 15 minute to redisperse silica nanoparticles. The process is repeated five times. Subsequently, silica
nanoparticles are dried under vacuum. These dried silica nanoparticles are added to 5mM
Na2CO3 aqueous solution to prepare 0.5 wt% silica nanoparticles. After nanoparticles are
re-dispersed by sonication, the nanoparticle suspension is used as the inner phase to
generate double emulsions with 0.9 wt% PLGA (50:50) in CHCl3 and 2 wt% PVA
solution as middle phase and outer phase, respectively. Generated double emulsions are
collected in 1.0M NaCl solution and observed under an upright optical microscope.

A.3 Results and Discussions
A.3.1 Stability of PLGA-containing double emulsions
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Our previous study has shown that PLGA can stabilize the inner water-oil interface of
water-in-oil-in-water (W/O/W) double emulsions without extra surfactants present in the
oil phase.243 However, we find that when double emulsions are generated with deionized
water (pH 5.5 – 6.0) as the inner phase, such double emulsions are unstable as shown in
Figure A.1 (a). Interestingly, when a PBS solution is used as the inner phase, the inner
droplets remain stable inside the oil phase, and hollow PLGA microcapsules can be
generated by removing the solvent.243 These results indicate that either the ionic strength
and/or the pH of the inner phase play important roles in controlling the stability of
PLGA-containing double emulsions. To gain insights into stabilization of double
emulsion by PLGA, we explore parameters such as ionic strength and pH of the inner
phase as well as the composition of PLGA.
We investigate the effect of ionic species in the inner phase. Two types of salts are tested:
one that dissociates in water but does not significantly affect the pH of the solution such
as NaCl, Na2SO4, NaNO3 and KCl, and one that dissociates and forms basic solutions
such as Na3PO4, K2HPO4, Na2SO3 and Na2CO3. Table A.1 summarizes the effect of each
salt on the pH of the aqueous phase. We find that salts that do not make the inner phase
basic fail to stabilize double emulsions, whereas those that increase the pH of the inner
phase are able to stabilize the double emulsions as shown in Figure A.1. These results
lead us to relate the stability of PLGA-containing double emulsions to the pH of the inner
phase rather than the ionic strength.
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Figure A.1 Stability of double emulsions with inner drops containing different salts. The
middle and outer phases are 0.9 wt% PLGA (85:15) in CHCl3 and 2 wt% PVA solution,
respectively. (a) and (b) are optical microscopy images of double emulsions that are
unstable and stable, respectively. All the scale bars are 100 μm.
We test our hypothesis by generating PLGA-containing double emulsions with inner
phase of varying pH without extra added salt. For all three types of PLGA used in this
study, the stable fraction abruptly increases as the pH of the inner phase reaches 12.244
Double emulsions generated with inner phase of pH 11 or smaller are unstable as shown
in Figure A.2 and A.3. This result again clearly indicates that basic condition (i.e.,
presence of hydroxide anions) leads to stable double emulsions. It is also important to
note that PLGA in the middle phase is necessary to maintain the stability of double
emulsions. Double emulsions generated without PLGA in the middle phase, regardless of
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the inner phase condition, are unstable as shown in Figure A.1 (a). Therefore, both basic
inner phase and PLGA are necessary to stabilize the double emulsions.

Table A.1 Salts used to test the stability of PLGA-containing double emulsions.
Middle Phase

Inner Phase

pH

0.05M K2HPO4

9.00

0.9 wt% PLGA

0.05M Na2SO3

9.70

(85:15) in CHCl3

0.005M Na3PO4

11.34

0.05M Na2CO3

11.29

Deionized Water

5.91

0.05M NaCl

5.81

0.05M KCl

5.75

0.05M Na2SO4

6.14

0.05M NaNO3

5.94

0.05M Na2CO3

11.29

Stability

Stable

0.9 wt% PLGA
(85:15) in CHCl3

Pure CHCl3
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Unstable

Figure A.2 Stability of double emulsions containing PLGA of different composition as a
function of solution pH. Red circle, blue triangle and green inverted triangle represent the
double emulsions containing 85:15, 65:15 and 50:50 PLGA, respectively.
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Figure A.3 Stability of PLGA (85:15)-containing double emulsions as a function of the
pH of the inner phase. All scale bars are 100 μm.
We study the effect of inner phase pH on the interfacial tension between the aqueous
phase and PLGA-containing oil phase using pendant drop tensiometry. We measure the
interfacial tension between chloroform, with and without PLGA, and an aqueous solution
as a function of solution pH. Consistent with the ability of PLGA to stabilize double
emulsions, PLGA is found to decrease the interfacial tension between the aqueous and oil
phases, as shown in Figure A.4. Interestingly, the surface activity depends on the
composition of PLGA. We believe the hydrophile-lipophile balance (HLB) of PLGA
increases as the fraction of more hydrophilic glycolide is increased in the backbone of
PLGA. More importantly, the interfacial tension between the aqueous phase and PLGA136

containing chloroform decreases significantly as the pH of the aqueous phase is increased,
whereas the change in the interfacial tension between aqueous phase and pure chloroform
as a function of pH is negligible. These results indicate that high pH condition enhances
the surface activity of PLGA.

Figure A.4 Interfacial tension between a PLGA solution in chloroform and an aqueous
solution as a function of solution pH. Black square represents pure chloroform. Red
circle, blue triangle and green inverted triangle represent chloroform solutions with 85:15,
65:35 and 50:50 PLGA, respectively.
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Table A.2 Weight averaged molecular weight (g/mol) of PLGA after contacting 1M
NaOH solution and of with PBS solution.
Aqueous phase

1M NaOH

PBS

Type of PLGA

PLGA (50:50)

PLGA (65:35)

PLGA (85:15)

PLGA (50:50)

0 min

63.1 ±2.9 K

50.8 ±1.7 K

68.0 ±1.7 K

62.0 ±1.8 K

30 min

48.6 ±8.5 K

38.7 ±0.2 K

64.5 ±1.8 K

53.5 ±5.3 K

50 min

43.7 ±2.4 K

31.6 ±0.9 K

50.9 ±1.8 K

53.9 ±5.2 Ka

a

Molecular weight is measured after PLGA solution was in contact with the PBS solution

for 1 hr instead of 50 min.

We further explore the importance of the interaction between basic solutions and PLGA
by monitoring the change in the molecular weight of PLGA upon contact with high pH
solutions. To monitor the change in the molecular weight of the polymer, PLGA in
CHCl3 is mixed with 1M NaOH solution or PBS solution and agitated for different
periods of time. Although the oil phase and aqueous phase are immiscible, a significant
reduction in the average molecular weight of PLGA is observed with time (Table A.2).
These results indicate that PLGA undergoes hydrolysis upon contact with basic solutions.
Basic solutions have previously been used to render PLGA scaffolds hydrophilic, which
have been attributed to the base-catalyzed hydrolysis of ester bonds in PLGA and the
formation of carboxylic acid end groups as shown in Figure A.5.245-254 In particular, it has
been shown that the rate of hydrolysis increases by five orders of magnitude when the
solution pH increases from 7 to 12.247
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Figure A.5 (a) Hydrolysis of ester bond and (b) ionization of carboxylic acid group by
acid-base reaction.
We further investigate the importance of basic condition by monitoring the consumption
of hydroxide anions in the inner phase of PLGA-containing double emulsions. To enable
this study, we add a pH indicator dye, Alizarin Yellow R, as a probe. Alizarin Yellow R
is soluble in water but insoluble in chloroform, thus dose not diffuse out of the double
emulsions. This dye changes its color from dark red to light yellow when the solution pH
changes from 12.1 to 10.0 or below. When the dye is dissolved in 0.01M and 1M NaOH
solutions, there is no observable difference in the color of the two NaOH solutions
containing Alizarin Yellow R as shown in Figure A.6. The color of PLGA double
emulsions with 0.01M NaOH inner phase changes its color from dark red to light yellow
upon collection, whereas PLGA double emulsions with 1.0M NaOH inner phase remains
red.255 These results indicate that a large amount of hydroxide anions in the inner phase
are consumed likely due to the ionization of carboxylic acid end groups of PLGA,
leading to the change in the color of PLGA double emulsions and the subsequent pH
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reduction. It is also likely that monomers of PLGA are released upon hydrolysis.256
Because both monomers, lactic acid and glycolic acid, are highly soluble in water, they
could partition into the aqueous phase and contribute to the shift in the pH of the inner
droplets.

Figure A.6 Change in the color of PLGA double emulsions containing Alizarin Yellow R
in the inner phase. Double emulsion on the left are generated using 100mg/L Alizarin
Yellow R in 1.0M NaOH as the inner phase, and one on the right are generated using
100mg/L Alizarin Yellow R in 0.01M NaOH as the inner phase. The inset shows Alizarin
Yellow R in 1.0M NaOH and 0.01M NaOH.
Based on these results, we conclude that the ionization of carboxylic acid end groups that
form due to the hydrolysis of PLGA chains as shown in Figure A.5 is responsible for the
stabilization of PLGA-containing double emulsions. As evidenced by the molecular
weight reduction, base-catalyzed hydrolysis of PLGA provides carboxylic acid end
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groups. Acid-base reaction between the carboxylic acid end groups of PLGA and
hydroxide anions in the inner aqueous phase generates ionized carboxylate groups, which
are highly hydrophilic. These ionized end groups facilitate the anchoring of PLGA at the
oil-water interface, which, in turn, enhances the surface activity of PLGA and its
stabilization of the inner droplets of double emulsions. Such a mechanism is consistent
with the enhanced double emulsion stability and PLGA surface activity (Figure A.4) at a
high pH (> 12.0). A similar mechanism likely is responsible for the stabilization of
W/O/W double emulsions when a PBS solution (pH 7.4) is used as the inner phase. The
PBS solution is able to maintain the pH of inner phase and ionize the carboxylic acid end
groups of PLGA, although the hydrolysis of PLGA is not as significant as high pH
aqueous solution (Table A.2). We believe that a small amount of carboxylic acid groups
that were originally present in PLGA could also play an important role in the surface
activity of PLGA and the subsequent stabilization of W/O/W double emulsions.257

A.3.2 Controlling the size of double emulsions and PLGA microcapsules
As described in Introduction, it is difficult to control the size of double emulsions over a
wide range using a single microfluidic device. We overcome this limitation by making
use of osmotic pressure. To tune the size of double emulsion-templated microcapsules by
what we call osmotic annealing, we separate the formation of microcapsules from double
emulsions into two steps, as illustrated in Figure A.7. We generate double emulsions with
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a salt solution of a given concentration as the inner aqueous phase. Subsequently, we
collect double emulsions into a glass cuvette. The glass cuvette is filled with a solution of
a different salt concentration. The cuvette is sealed to suppress the removal of the organic
solvent in the middle phase. The difference in electrolyte concentrations between the
inner droplet and the collection solution induces water to diffuse into and out of the inner
droplet leading to their swelling and shrinkage, respectively. After the inner droplet
reaches its equilibrium size, we expose the emulsion suspension to open air to allow the
removal of the organic solvent, chloroform. PLGA microcapsules are formed after
complete removal of the organic solvent as shown in Figure A.7.

Figure A.7 Schematic illustration of tuning the size of double emulsions and
microcapsules by osmotic annealing.
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To test the feasibility of this osmotic annealing, we generate eight samples of double
emulsions with the same initial dimensions as shown in Figure A.8. Based on the results
from the first part of this study, 5mM Na2CO3 is added to the inner phase to enhance the
stability of PLGA-containing double emulsions while NaCl in the inner phase is used to
provide osmotic pressure difference for osmotic annealing. When the concentration of
NaCl in the inner droplets is higher than that in the collection solution, the inner droplets
swell. In contrast, the inner droplets shrink if the situation is the opposite. These swelling
and shrinking behaviors can be understood by considering the difference in osmolarity
(i.e., chemical potential of water) of the inner droplet and the collection solution. When
the inner phase is more concentrated, water in the collection solution has a higher
chemical potential than that of the inner phase; therefore, water diffuses into the inner
droplets from the collection solution through the middle phase. This transport of water
makes the inner droplets swell. The inner droplets reach their equilibrium diameter within
two hours of osmotic annealing, which can be inferred from the plateau of the diameter
evolution curves in Figure A.8 (b). PLGA microcapsules ranging from 80 μm to ~ 300
μm in diameter are formed from one double emulsion (initial inner and outer diameters
were ~ 150 and 250 μm, respectively) using osmotic annealing as shown in Figure A.8
(a).
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Figure A.8 (a) PLGA microcapsules formed using osmotic annealing and (b) the
diameter evolution of the inner droplets of double emulsions under osmotic annealing.
The first, second and third columns in (a) represent the initial double emulsions, double
emulsions at equilibrium and PLGA microcapsules formed, respectively, under different
conditions. All the scales bar in (a) are 100 μm. The legend in (b) represents different
conditions under which PLGA microcapsules are formed. For example, blue squares with
“0.8M in 0.1M” represent double emulsions generated using 0.8M NaCl solution (also
containing 5 mM Na2CO3) as the inner phase and collected in 0.1M NaCl solution.

Figure A.9 Schematic representation of parameters used in the calculation of the
equilibrium diameter of the inner droplets of double emulsions after osmotic annealing.
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The equilibrium diameter of the inner droplets of double emulsions is determined by the
balance of osmotic pressure due to the concentration difference between the inner droplet
and the collection solution, and the Laplace pressure due to interfacial tension at the two
oil-water interfaces. To derive the relationship between the salt concentration ratio and
the equilibrium diameter of the inner droplet, we assume that there is negligible transport
of the ionic species across the middle phase, which is reasonable since the solubility of
the ions in chloroform is extremely low. Laplace pressure associated with the two oilwater interfaces is

P

2 im 2 om

rin
rout ,

(A-1)

where im is the interfacial tension between the inner and middle phases, and om
represents the interfacial tension between the outer and middle phases. rin and rout
represent the radii of the inner and outer droplets, respectively. Osmotic pressure
difference between the inner and outer phases can be represented by van’t Hoff’s Law258:
  2(Cin  Cout ) RT

(A-2)

.

Cin and Cout are the concentrations of NaCl in the inner droplets and the collection
solution at equilibrium as shown in Figure A.9. R is the gas constant, and T is the
absolute temperature. The equilibrium diameter of the inner droplets is determined by
equating Equation (A-1) and Equation (A-2) as shown in Equation (A-3):
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2(Cin  Cout ) RT 

2 im
2
 om
rinequ rout equ

(A-3)
,

where rin-equ and rout-equ are the radii of the inner and outer droplets at equilibrium,
respectively. Neglecting the transport of the ionic species, the concentration of NaCl in
the inner droplet at equilibrium is related with its original value by Equation (A-4), which
implies the conservation of ionic species in the inner droplets:

 r0
Cin  Cin0  in
 rin equ


3



 .

(A-4)

Substituting Equation (A-4) into Equation (A-3) we obtain

 r0
Cin0  in
 rin equ
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(A-5)

Solving Equation (A-5), the ratio of rin-equ and rin0 can be expressed as

rin equ
rin0



Cin0


 C  1   im   om
 out RT  rin equ rout equ



1/3




 


 .

(A-6)

Using R=8.314 J/mol∙K, T=293.15 K, im=21 mN/m (interfacial tension between the inner
and middle phases of double emulsions that have (85:15) PLGA), om=5 mN/m
(interfacial tension between 2 wt% PVA solution and PLGA containing middle phase243),
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rin-equ=10 µm and rout-equ=10 µm, the numerical value of the term in Equation (A-6)
1/RT(im/in-equ+om/out-equ)=1.07×10-3 M . This value is approximately one percent of
0.1M NaCl solution and much less than one percent of 0.8M NaCl solution. Thus, we can
simplify Equation (A-6) by neglecting the effect of interfacial tension on the equilibrium
diameter of the inner droplet. Thus, we obtain a very simple relationship between the
initial and the equilibrium radii of the inner droplet as shown in Equation (A-7):

rin equ
rin0

1/3

 C0 
  in 
 Cout  .

(A-7)

Figure A.10 The ratio of initial and equilibrium diameter of inner droplets as a function
of the NaCl concentration ratio of the inner and collection solutions. The dotted line in
(b) represents the prediction based on Equation (A-7). The legend has the same
interpretation as that in Figure A-8.
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The diameter of the inner droplets after osmotic annealing can be accurately predicted by
the theoretical model as represented by Equation (A-7). The relationship between the one
third power of the concentration ratio ((Cin0/Cout)1/3) and the radii ratio (rin-equ/rin0) for
eight different concentration ratios is shown in Figure A.10. Note that the diameter of the
inner droplet measured from optical microscopy is different from its actual diameter due
to the difference in the refractive indices of water and organic solvent. All data for the
diameter of the inner droplets are corrected using a method provided elsewhere.236 It can
be clearly seen that the experimental data from Figure A.8 all lie on the line determined
by Equation (A-7), indicating that the experimental results agree well with our hypothesis
and prediction. Most importantly, these results strongly support that we can readily tune
the size of microcapsules and that of the inner droplets of double emulsions from a single
device under one set of double emulsion formation conditions by simply changing the
ratio of the solute concentrations of the inner and collection solutions. The thickness of
microcapsule shell is an important factor that determines the release of encapsulated
species. The average shell thickness can be determined based on the concentration of
PLGA in the middle phase, the volume of middle phase, the density of PLGA and the
equilibrium inner diameter of PLGA microcapsules. The average shell thickness of
PLGA microcapsules can be derived based on conservation of mass:
3
3
4
4
VW
  rinequ  h     rinequ  
3
3


(A-8)
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where rin-equ is the equilibrium inner radius of PLGA microcapsules obtained from
Equation (A-7) and h is the average shell thickness. V is the volume of middle phase per
double emulsion, W is the concentration (g/ml) of PLGA in middle phase and  is the
density of PLGA used. The average thickness h can be obtained by numerically solving
Equation (A-8). If the thickness of the shell is much smaller than the equilibrium inner
radius (h<<rin-equ), h can be expressed explicitly as

h

1
VW
2
4 rin equ 

.

(A-9)

We can further make use of osmotic annealing to concentrate encapsulated species in
double emulsions and microcapsules. We use 0.5mM phosphate buffer solution (PBS)
with 0.1 mg/L calcein in the inner phase as a probe dye to generate double emulsions.
When these double emulsions are collected in 0.5 mM PBS and converted into PLGA
microcapsules, very little fluorescence intensity is detected due to the low concentration
of calcein (Figure A-11 (a)). In contrast, when these double emulsions are collected in
0.2M NaCl solution, water inside the inner droplets diffuse out through the oil phase due
to the difference in osmolarity between the inner and outer phases, while calcein remains
encapsulated in the inner droplets. Consequently, the concentration of calcein and, in turn,
the fluorescence intensity of the inner phase increases substantially. The increase in
fluorescence intensity is quite drastic as seen in Figure A-11 (b) and (c), which shows a
line scan of fluorescence in microcapsules generated with and without osmotic annealing.
It is worth noting that in our swelling experiment the volume of the inner droplets is
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increased by a factor of 8 (Figure A-8 (b)), whereas in the shrinking experiment, the
volume of inner droplets is decreased by a factor of ~270 (Figure A-11 (a) and (b)); thus,
our results indicate that the volume of the inner droplets and, in turn, the concentration of
the encapsulated solute, can be tuned by at least three orders of magnitude using the
osmotic annealing method.

Figure A.11 Concentrating encapsulated species using osmotic annealing. (a) and (b)
show bright field and fluorescent images of the PLGA microcapsules without and with
osmotic annealing. (c) Fluorescence intensity of encapsulated species along the white
lines in (a) and (b). (d) Optical microscopy images showing the shrinkage of encapsulated
silica suspension to an agglomerate of silica particles under osmotic annealing. Double
emulsions are generated with 0.5 wt% silica particle suspensions in 5mM Na2CO3 as the
inner phase and collected in 1.0M NaCl solution.
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This concentration method using osmotic annealing is especially useful in encapsulating
highly concentrated solid suspensions such as colloidal particles. Typically, microfluidic
channels clog rapidly when highly concentrated solutions of suspensions are used.259,260
We can readily encapsulate highly concentrated particle suspension by annealing double
emulsions containing a low initial concentration of particles in a high salt solution. We
demonstrate this by essentially squeezing out all of water from encapsulated particle
suspension, which leaves an agglomerate of particles in the core of oil droplets as shown
in Figure A-11 (d).

A.4 Conclusions
We have demonstrated that the stability and size of PLGA-containing double emulsions
and resulting PLGA microcapsules can be controlled by varying the composition of each
phase of the double emulsions. In particular, it is important to adjust the pH of the inner
phase to enable stabilization of inner droplets of PLGA-containing double emulsions.
Hydrolysis of PLGA and, more importantly, the ionization of carboxylic acid end groups
enhance the surface activity of PLGA at the oil-water interface and, in turn, the
stabilization of PLGA-containing double emulsions. We have also shown that the size of
double emulsions can be precisely tuned by changing the concentration ratio of a solute
in the inner and outer phases of double emulsions. It is possible to change the volume of
internal compartment of PLGA microcapsules by more than three orders of magnitude,
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illustrating the effectiveness and reliability of this new method in changing the size of
microcapsules and, in turn, the concentration of the encapsulated species. This approach
overcomes the difficulty in

generating monodisperse double emulsions and

microcapsules over a wide range of dimensions using a single microfluidic device. We
believe that the osmotic annealing method will be useful for generating drug delivery
systems, encapsulating high concentration of biomacromolecules such as proteins,261 and
also for generating capsules encapsulating high concentration solid suspensions while
avoiding clogging of microfluidic devices.
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